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experiments  are  charge  neutral  biomolecular  beams, which  had  previously  only  been  successfully 
formed for small peptides in a limited number of studies. Accordingly, a main focus of the thesis was 
set on the formation of such beams in close collaboration with M. Arndt's group in Vienna. A second 
difficulty  arises  from  the  fact  that  neutral  molecules  are  not  detectable  with  common  mass 
spectrometer detectors, i.e. electron multipliers. Consequently the ionization of neutral protein beams 
in high vacuum was a second central point of the presented studies.  
Various  methods  and  approaches  were  investigated  whereby  the  contribution  of  the  author  was 
concentrated on the design, synthesis and expression of the constructs for  interrogation in matter‐













at  the  termini  by  acetylation  and  amidation,  respectively,  also  improved  the  volatility,  but  was 
accompanied  by  increased  fragmentation.  The  thermally  formed  neutral  peptide  beam  was  then 
ionized  by  electron  impact,  or  VUV  photo‐ionization  (157  nm)  and  the  two  ionization  methods 
compared. Electron impact led to strong peptide fragmentation and a weak signal for intact peptide 








progress  in  matter‐wave  inter‐
ference  since  its  inception  is 
briefly  summarized with a  focus 
on  the  work  performed  in  the 
group  of  Markus  Arndt, 
University  of  Vienna.  Matter‐wave  interference  experiments  on  functionalized  tripeptides  are 
presented.1 The first ever measured interference pattern of a peptide was recorded on the Kapitza–






To  overcome  the  restrictions  of  thermal  evaporation, 
alternative methods for the transfer of larger peptide constructs 
to the gas‐phase as neutrals needed to be explored. Nano‐ and 
femtosecond  laser  desorption  were  investigated  for  the 
generation  of  neutral  molecular  beams.  Based  on  previous 





globally  amidated with  fluoroalkyl  chains  at  all  basic  nitrogen 
centers  could  be  successfully  photoionized  (157  nm)  after 
femtosecond  laser  desorption  (343  nm).  With  successfully 





Inspired  by  the  successful  laser 
desorption/photoionization  experiments 
performed  with  tryptophan‐rich  peptide 
constructs,  tryptophan‐rich  tags  were 
genetically  added  to  ubiquitin  and  the 
ribosomal  protein  S6  to  make  these 
proteins amenable to photoionization after  laser desorption. No protein cations could be observed 
after  femtosecond  laser  desorption  followed  by  VUV  ionization  when  applying  the  optimized 
conditions described  in chapter 3.  It  remains unclear whether desorption or  ionization or both are 
responsible for the failure of the experiment. 
Chapter 5. 
As  an  alternative  to  the  laser  desorption/photoionization  strategies,  the  formation  of  a  neutral 
molecular  beam  by  photocleavage  of  electrosprayed  ions  was  investigated.  Peptides  with  up  to 
12 amino  acids  were  functionalized  with  a  photocleavable  tag.  The  tag  consists  of  an  ortho‐
nitroarylether with a 3,5‐bis(trifluoromethyl)phenol as a leaving group. Upon irradiation of the peptide 














peptide  moiety  can  be  generated  by  photocleavage.  Starting  from  multiple  charged  species 





























































Introduction.  Mass  spectrometry  related  methods  for  the  study  of 
biomolecules in the gas‐phase 
Although  the goal of  this thesis was  to generate and detect neutral protein beams  for  interference 





and other small proteins by  the group of Koichi Tanaka.1 One year  later  John B. Fenn showed  that 
Electrospray  Ionization Mass  Spectrometry  (ESI‐MS)  was  also  capable  of  producing monodisperse 
protein  ions  in  the  gas‐phase.  2  ESI‐MS  has  the  advantage  that  it  can  be  easily  coupled  to  liquid 




ions  are  formed  in  the  case  of  ESI  for  larger  biomolecules.  Around  the year  2000,  Lloyd M.  Smith 
presented  a  method  to  generate  singly  charged  protein  ions  with  an  electrospray  ion‐source  in 
combination  with  an  ionized  buffer  gas.  In  the  so‐called  Charge  Reduction  Electrospray  Mass 
Spectrometry (CREMS) a neutralization chamber is placed between the ESI nozzle and the entrance of 





into  smaller  peptides  by  a  protease,  the  fragments  are  separated  on‐line  by  HPLC,  and  further 
fragmentation follows in the mass spectrometer. This fragmentation can be either initiated by collision 
with  buffer  gas molecules  (collision‐induced  dissociation),7‐10  by  absorption  of  electrons  (electron 
capture  dissociation)11‐13  or  by  absorption  of  multiple  infrared  photons  (infrared  multiphoton 
dissociation).14‐17 Light of shorter wavelength than infrared has also been employed in so‐called light‐
induced fragmentation.18‐20  
Introduction. Mass spectrometry related methods for the study of biomolecules in the gas‐phase
1
Selective labeling of the protein of interest before digestion with an isobaric tag enables a quantitative 
comparison  of  protein  concentrations  in  complex  samples,  e.g.,  before  and  after  induction  of 
expression.  To  accomplish  this,  the  protein  in  the  mixtures  to  be  compared  is  labeled  with 
complementary isobaric tags from a set. An isobaric tag consists of a reporter group, a balance group 
























to  gain  information  about  the  3‐D  structure  of  proteins.  It  is  widely  exploited  in  solution 
measurements,36 but can also be applied in the gas‐phase.37‐39 For FRET measurements the molecule 
of interest is regio‐selectively tagged with two fluorophores, one donor and one acceptor fluorophore. 
The molecule  is  irradiated at the absorbance maximum of the donor, which results  in  its electronic 
excitation. The energy is then transferred to the acceptor, and the acceptor finally releases a portion 
of the energy as a photon of  longer wavelength. The distance between donor and acceptor can be 




so  far mentioned methods  there  are  fragmentation  based methods  to gain  information  about  the 
tertiary structure of proteins  in the gas‐phase.  In so‐called action FRET, the excitation of the donor 






wave  interference  experiments  rely  on  neutral molecular  beams,  because  charged  species would 
interact too strongly with the gratings and would not give rise to interference patterns. The ability to 
form controlled and cold neutral beams of biomolecules would not only open the door for interference 







Figure 1. Methods  for  the  generation  of  neutral molecular  beams  investigated  in  this  thesis.  (a)  Thermal  evaporation  of 
modified  peptides  in  an  oven;  (b)  nano‐  and  femtosecond  laser  desorption  of  modified  and  unmodified  peptides;  (c) 
neutralization of electrosprayed peptides and proteins by photocleavage. 
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The detection  of  the neutral molecules  formed was  investigated  (Figure 2):  (a) by electron  impact 




impact  ionization;  (b) VUV photoionization  (157 nm);  (c)  the  indirect proof of  neutrals after  the photocleavage event by 
detection  of  a  charged  leaving group  (compare  Figure  1c).  The  last method  could potentially  also be employed  for  the 
ionization of neutrals. 
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peptides  were  produced  by  Fmoc  Solid  Phase  Peptide  Synthesis  (SPPS).  The  modification  with 
fluorinated alkyl chains was achieved by coupling CF3(CF2)nCH2CH2COOH to the N‐terminus while the 
peptide was still attached to the resin. The fluorinated alkyl chain on the C‐terminus was introduced 
by  solution  phase  peptide  coupling  of  NH2CH2CH2(CF2)7CF3  to  the  peptide.  Permethylation  of  the 
peptide  was  a  challenging  reaction.  Suitable  conditions  for  the  reaction  were  deprotonation  by 
treatment  with  a  dimsyl‐solution  followed  by  methylation  with  an  excess  of  methyl  iodide. 
Furthermore, a (Trp‐Lys)4‐Trp nonapeptide functionalized with fluorinated alkyl chains was synthesized 
(see also chapter 3).  
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Tailoring the volatility and stability
of oligopeptides
J. Schätti,a U. Sezer,b S. Pedalino,b J. P. Cotter,b M. Arndt,b* M. Mayora,c
and V. Köhlera*
Amino acids are essential building blocks of life, and fluorinated derivatives have gained interest in chemistry andmedicine.Mod-
ern mass spectrometry has enabled the study of oligo- and polypeptides as isolated entities in the gas phase, but predominantly
as singly or evenmultiply charged species. While laser desorption of neutral peptides into adiabatically expanding supersonic no-
ble gas jets is possible, UV–VIS spectroscopy, electric or magnetic deflectometry as well as quantum interferometry would profit
from the possibility to prepare thermally slow molecular beams. This has typically been precluded by the fragility of the peptide
bond and the fact that a peptide would rather ‘fry’, i.e. denature and fragment than ‘fly’. Here, we explore how tailored
perfluoroalkyl functionalization can reduce the intermolecular binding and thus increase the volatility of peptides and compare
it to previously explored methylation, acylation and amidation of peptides. We show that this strategy is essential and enables
the formation of thermal beams of intact neutral tripeptides, whereas only fragments were observed for an extensively
fluoroalkyl-decorated nonapeptide. © 2017 The Authors. Journal of Mass Spectrometry Published by John Wiley & Sons Ltd.
Keywords: fluorination; molecular beams; peptides; thermal evaporation; vuv ionization
Introduction
Since the early days of Otto Stern[1] and Immanuel Estermann,[2]
neutral molecular beams have played a key role in fundamental
studies of physics and physical chemistry.[3–5] Experiments with iso-
lated molecules in the gas phase have laid the ground for high-
precision spectroscopy,[6,7] molecule and cluster deflectometry[8–10]
and for an improved understanding of chemical reactions with
quantum state control.[11,12] Modern molecular beam experiments
have allowed setting new bounds on the electric dipole moment
of the electron[13,14] and enabled the observation of quantum
interference with clusters and molecules,[15,16] even with masses
exceeding 100000 amu.[17] Modern research in molecular beam
methods has recently focused on obtaining improved control over
the motional and internal states of polyatomic molecules using
selectors,[18,19] electrical,[20–24] magnetic[25] and mechanical[26]
decelerators as well as laser cooling of dimers and trimers.[27–29]
Polyatomic particles were even successfully trapped at mK
temperatures.[22,26,30,31] Complementary to that, there has been a
growing effort to prepare neutral beams of large molecules. Our
present contribution addresses the question how to bring complex
biomolecular building blocks into the gas phase.[32] D. Gross and G.
Grodsky reported on the sublimation and decomposition of un-
modified amino acids and certain dipeptides in 1955.[33–38] Methyl-
ation and acylation of peptides have already been investigated in
the late 60s and early 70s in combinationwith electron impactmass
spectrometry (EI-MS) as ameans for increased volatility in sequence
analysis of unknown proteins.[39–41] Here, we aim at preparing
neutral continuous beams of peptides at low velocity as required
for spectroscopy, deflectometry and quantum interferometry or
even nanostructuring using soft-landing of individual biomolecules
on surfaces. Even though one may argue that biomolecules are
most naturally studied in an aqueous environment, it is meaningful
to start from isolated species to which one may later add an
increasing number of water molecules to compare their physical
data with quantum chemical models.[42,43] Additionally, gas phase
studies of biomolecules enable the elucidation of intrinsic folding
preferences without interference of solvents or other
molecules.[44–47]
While some biomolecules or biomolecular moieties – such as
nucleobases and some vitamins – can be readily sublimated or
evaporated[48] oligopeptides, proteins and oligonucleotides will
rather fragment than fly when heated. To suppress fragmentation,
one may reduce the heating time or add collisional cooling, once
the molecules are airborne. Both ideas have been earlier explored
for biomolecules injected into supersonic noble gas jets.[43,49,50]
This way, neutral intact macromolecules can be volatilized, but at
the expense of being 300–1000 m/s fast, depending on the gas
type and temperature. In contrast, velocities down to several
10 m/s have been achieved in buffer gas cooled sources[51] for mol-
ecules up to stilbene or using laser-induced acoustic desorption
even for molecules beyond 100000 amu.[52,53] However, the gener-
ation of thermally slow neutral beams of oligopeptides, which we
take here as examples of relevant but fragile biomolecules, poses
a considerable challenge.
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Fluorination has gained increasing attention in medicinal chem-
istry over the last 50 years.[54,55] Around 20% of all pharmaceuticals
contain at least one carbon–fluorine bond. Fluorine modification of
single amino acids, peptides and proteins substantially alters their
properties and provides new opportunities for peptide and protein
design.[56,57] The strong electron-withdrawing effect of fluorine
lowers the pka value of proximal protons, affects hydrogen bonding
and – despite the high polarization of the individual carbon fluorine
bond – perfluoroalkyls exhibit a low overall dipole moment due to
their inherent geometry. The very low polarizability of
perfluoroalkyls results in very weak intermolecular dispersion forces
and consequently low boiling points compared to hydrocarbons of
similar mass.[58]
In our present work, we focus on the question how to derivatize
biomolecular structures such that their sublimation enthalpy is re-
duced and their thermal stability increased. Perfluoroalkyl
functionalization of individual molecules is expected to reduce
the binding to neighbouring particles and surfaces because earlier
studies have shown that it enhances the volatility of large organic
compounds.[17,59–61] Here, we apply this strategy for the first time
to oligopeptides and study its influence on their volatility.
Flying rather than frying the peptide
The volatility of the first model system, namely the tripeptide
alanine–tryptophan–alanine (AWA) was compared in various
Figure 1. Gallery of peptides 1–9with increasing molecular weight employed in this study. Tripeptides 1–8 resulted from variation of the Ala-Trp-Ala motif:
charges and hydrogen bond donors present in parent tripeptide 1were removed by acylation, methylation and amidation in derivative 2; one perfluoroalkyl
chain was introduced at theN-terminus by acylation and the C-terminus amidated in derivative 3; 4was obtained bymethylation of 3; fluorinated alkyl chains
of different or equal length were introduced at the N- and C-terminus by acylation and amidation, respectively, in derivative 5 and 6; 7 and 8 are sequence
isomers of 6; high Trp and fluoroalkyl content realized by alternating Trp and Lys followed by acylation of the lysine side chains and the N-terminus as
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modifications, i.e. in its native, methylated or perfluoroalkyl
modified form including acylation and amidation of the termini,
respectively, as shown in Fig. 1.
All peptides were volatilized in a resistively heated oven whose
temperature was monitored on its outside and inside with an
absolute uncertainty of ±5 K. The sublimated or evaporated
molecules passed a differential pumping stage before they
entered the probe chamber, where they were ionized (see Fig. 2).
For selected compounds, electron impact ionization
(Eimpact = 70 eV) in quadrupole mass spectrometry (EI-QMS)
was compared with vacuum-ultraviolet (VUV) photoionization
(λ = 157 nm, τ = 10 ns) in time-of-flight mass spectrometry
(TOF-MS) to distinguish ionization induced from thermal
decomposition processes.
Results
We started by comparing the native tripeptide 1 with its
methylated derivative 2 where internal charges were removed
by acetylation and amidation of the termini (Fig. 3). Upon evapo-
ration of 1 at varying source temperatures up to T = 595 K, only
molecular fragments were detected, both in EI-QMS and
VUV-TOF-MS. Three major fragments were observed that were
tentatively assigned to the loss of the C-terminal alanine (H2N-
CH(CH3)-COOH) possibly resulting from thermal diketopiperazine
formation (C14H15N3O2, 257 amu)
[62,63] as well as two common
tryptophan fragments[64] which were observed in all following
mass spectra: the indole cation (C8H6N
+, 116 amu) and the skatole
cation (C9H8N
+, 130 amu).
Figure 2. Experimental scheme for the volatilization/ionization tests. The peptides were heated in a ceramic cell with an aperture of 3 × 0.05 mm2. The
molecular beam reached the mass spectrometer through two differential pumping stages, separated by one skimmer and one slit of 3 mm as the
relevant dimension. Under heat load, the pressure in the three chambers was 1 × 105, 3 × 106 and 1.5 × 107 mbar, respectively. Pulsed
photoionization of the molecular beam was combined with time-of-flight mass spectrometry (panel (a)). Alternatively, continuous electron impact
ionization (b) was combined with a quadrupole mass spectrometer. Because both spectrometers were optimized for high transmission, their mass
resolution is limited to about 2% with a calibration uncertainty of 5% across the entire mass range.
Figure 3. Panel (a) shows themass spectrum of the native tripeptide Ala-Trp-Ala 1 after evaporation at 595 K and VUV postionizationwith a pulse intensity of
Iion = 2.9(3)MW/cm
2. The native biomolecule (346 amu) falls apart under these conditions, and the following main fragments are observed: the indole cation
(C8H6N
+, 116 amu), the skatole cation (C9H8N
+,130 amu) and a signal that is tentatively assigned to a cationic Ala-Trp diketopiperazine fragment (C14H15N3O2
+,
257 amu). The spectrum was calibrated to the indole cation (C8H6N
+, 116 amu). (b) Under similar experimental conditions, but at lower temperature
(T = 525 K), the mass spectrum of the methylated tripeptide 2 displays the intact parent ion at 471 amu. (b). Fragments include the N-methyl indole
cation (C9H8N
+,130 amu) and the N-methylated skatole cation (C10H10N
+, 144 amu) as well as several unidentified species. The spectrum was calibrated to
the N-methyl indole cation (C9H8N
+,130 amu).




wileyonlinelibrary.com/journal/jms © 2017 The Authors. Journal of Mass Spectrometry Published by John Wiley & Sons Ltd. J. Mass Spectrom. 2017, 52, 550–556
5
52
Chapter 1. Tailoring the volatility and stability of oligopeptides
10
As reported in the literature, the removal of internal charges and
hydrogen bond donors – through acylation of the N-terminus,
amidation of the C-terminus and methylation of all nitrogen atoms
– reduces the intermolecular binding and increases the volatility of
the peptides.[39] Indeed, evaporation of 2 permitted the observa-
tion of intact molecular ions (m = 471 amu), already at 525 K (see
Fig. 3(b)).
Earlier studies with stable organic molecules showed that their
volatility and stability can be enhanced by functionalization with
perfluoroalkyl chains.[65] The high electronegativity of fluorine
reduces the polarizability-to-mass ratio in the compound and
redistributes electron density slightly to the outside of the neutral
molecule. Pictorially speaking, this functionalization aims at ‘wrap-
ping’ the peptide in a protective fluorinated shell. Even though
the particle is technically not encapsulated, the attachment of the
chains is assumed to be beneficial.
This hypothesis was verified for derivative 3 of the thermola-
bile tripeptide AWA. Upon heating to 548 K and exposure to
VUV-TOF mass spectrometry with laser settings equal to those
used for the native peptide 1, a substantial parent peak was ob-
served (Fig. 4(a)) corroborating our design hypothesis. It was also
noted that VUV photoionization is softer than electron impact
ionization (Fig. 4(b)).[66] This was apparent in the substantially
reduced number of fragments and the higher parent-to-fragment
ratio shown in Fig. 4(a).
A dense mass spectrum was observed upon photoionization
of a thermal beam of the methylated derivative 4, which carries
one fluoroalkyl chain introduced by acylation of the N-terminus
(Fig. 5(a)). Intact parent molecules were detected over the entire
temperature range from 467 to 585 K. Based on this positive
trend, additional perfluoroalkylation by amidation of the
C-terminus was investigated in the absence of N-methylation. The
mass spectrum of the peptide derivative 5 is shown in Fig. 5(b).
The parent peak (m = 1115 amu) appears at 548 K, reaches its
maximum at 586 K and now clearly dominates the spectrum. A
similar but less pronounced effect is observed with the non-N-
methylated peptide 3, which carries only one fluoroalkyl chain
(Fig. 4(a)). This corroborates the hypothesis that perfluoroalkylation
enhances the volatility of the peptides and stabilizes them against
thermal and photo-induced dissociation whereas N-methylation
seems to promote fragmentation.
To elucidate whether peptide stability and detectability are
sequence dependent, the three perfluoroalkylated compounds 6,
7 and 8were synthesized, which differ only in the order of the three
amino acid residues. Their VUV-TOF mass spectra are shown in
Fig. 6(a–c). The strongest parent signal is found in the temperature
Figure 4. VUV-TOF versus EI-QMS. (a) VUV-TOF mass spectrum of a thermal perfluoroalkyl functionalized peptide beam (3), recorded at T = 548 K. A strong
parent peak (m = 669 amu) is observed and accompanied by the indole cation (C8H6N
+, 116 amu) and skatole cation (C9H8N
+, 130 amu). The spectrum was
calibrated to the indole cation (C8H6N
+, 116 amu). (b) In contrast, the EI-QMS spectrum at 70-eV electron energy yields a pronounced fragment spectrum
under otherwise identical boundary conditions. The spectrum was calibrated to the skatole cation (C9H8N
+, 130 amu). The green highlight indicates the
fluoroalkyl-tag. [Colour figure can be viewed at wileyonlinelibrary.com]
Figure 5. (a) VUV-TOFmass spectrum of a thermal beam of perfluoroalkyl functionalized andmethylated tripeptide 4 at T = 552 K and Iion = 2.9(3) MW/cm
2.
We observe the methylated skatole cation (C10H10N
+, 144 amu) and the N-methyl indole cation (C9H8N
+, 130 amu) as well as unidentified fragments. The
spectrum was calibrated to the N-methyl indole cation (C9H8N
+,130 amu). (b) A second perfluoroalkyl chain adds to the molecular mass but results in a
relatively clean mass spectrum of the non N-methylated peptide 5 (compare also Fig. 4(a)). The spectrum was calibrated to the indole cation (C8H6N
+,
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range of 575–585 K and for the highest photoionization intensity
Iion=2.9(3)MW/cm
2. In all three cases, we find a dominant parent
peak (1265 amu) and a simple mass pattern with the indole and
skatole cation (C8H6N
+, 116 amu and C9H8N
+, 130 amu,
respectively) as prominent fragments (Fig. 6(a–c)). Interestingly,
the Trp-Ala-Ala sequence isomer 6 led to additional unidentified
fragments over 600 amu compared to the other two sequence
permutations 7 and 8 (Fig. 6(a)).
To probe the thermal contribution to fragmentation, we have
studied the mass spectrum of 8 as a function of the source temper-
ature (see Fig. 6(e)). Both the parent peak and its fragments rise in a
constant relation with increasing temperature, up to 615 K, where
the parent molecule finally disintegrates. This suggests that the
molecules remain stable up to this temperature and that the
fragments are predominantly due to the ionization process.
Because perfluoroalkyl functionalization substantially increases
the molecular volatility,[65] it is intriguing to test the mass limit of
this method. The ideal model analyte would (i) have a high
fluoroalkyl content and (ii) include a high tryptophan content for
efficient photo-ionization. Compound 9 fulfils these requirements
and was heated in the same setup (Fig. 2), under high vacuum.
The resulting VUV-TOF-mass spectrum (Fig. 6(d)) contains no intact
parent molecule.
In order to test for the presence of an intact parent fraction in
the neutral molecular beam, we have collected the evaporated
material on a glass slide next to the oven. This sample was
post-analysed in a commercial MALDI instrument and did not
show any intact parent peak, suggesting that the functionalized
nonapeptide did not reach the glass slide as an intact entity in
sufficient quantities.
Figure 6. (a–c) Sequence isomers of tripeptide derivative with perfluoroalkyl decorated termini. Mass spectra for 6, 7 and 8 are very similar, although a
higher proportion of fragments is observed for 7. Spectra were calibrated to the indole cation (C8H6N
+, 116 amu). The indole cation is not indicated in (a)
and (c) for improved clarity. (d) No intact ion was detected for highly perfluoroalkyl decorated Trp-Lys oligomer 9 after thermal evaporation and
photoionization. (e) Variation of the oven temperature leads to an increase of both the parent signal and the fragments of compound 8. Significant
thermal decomposition is observed at 615 K. [Colour figure can be viewed at wileyonlinelibrary.com]
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Discussion
By comparing the mass spectra of all tailored peptides depicted in
Fig. 1 and assuming similar photoionization efficiency for com-
pounds 1–8, it can be seen that compounds 6, 7 and 8 produce
the most intense thermal beams and VUV-TOF mass signals with
a small proportion of fragments, even though they are 3.6 times
more massive than the free AWA tripeptide alone. This observation
can be attributed to reduced intermolecular interactions resulting
from the removal of internal charges and the low polarizability of
the perfluoroalkyl chains. The chain length of the perfluoroalkyl
decoration, although not investigated in detail, seemed to play a
minor but significant role with a more pronounced parent ion peak
for compound 6 (C- and N-terminal C8F17) in comparison to com-
pound 5, which carries a shorter perfluoroalkyl chain (C5F11) at
the N-terminus (Figs 5(b) and 6(a)). For compound 4which has only
one short perfluoroalkyl chain (C5F11), the relative intensity of the
indole and skatole fragment ions versus the parental ion is signifi-
cantly increased (Fig. 4(a)) although little additional fragments were
observed. Interestingly, sequence isomers with identical decoration
of perfluoroalkyl groups exhibited different degrees of fragmenta-
tion with the Trp-Ala-Ala sequence isomer being the most fragile
in the series.
N-methylation appears to promote fragmentation in combina-
tion with fluoroalkyl chains or without (Figs 3(b) and 5(a)). In
contrast, already a single perfluoroalkyl chain with native N―H
bonds in the peptide delivers significantly cleaner spectra than
N-methylated compounds.
The parent–fragment ratio does also depend on the ionization
mechanism. Many mass spectrometry experiments use electron
impact ionization with energies of 70 eV for optimum sensitivity.
However, the excess of electron energy can open a variety of
fragmentation channels.[67] In contrast, VUV photoionization at
157 nm (7.90 eV) was confirmed as a soft ionization technique,[66]
whenever the peptide chain contained one or more
tryptophan units.
Even though derivatization changes the geometry and chemical
response of the molecule, we argue that our method can serve
many practical purposes. In recent years, substantial research effort
has been dedicated to evaluate, understand and explore the effects
and benefits of fluorination in biochemistry, medicine and
pharmacology.[54–57,68] Studying fluoroalkyl derivatized molecules
in the gas phasewith an increasing number of hydration layers shall
soon allow to systematically study the change of their
electro-optical properties in quantum interferometry
experiments.[43] Furthermore, it allows the preservation of native
N―H functionality and thereby investigation of intramolecular in-
teractions which might well reflect those of native peptides in the
absence of solvent or other molecules.[44,45]
Methods
Synthesis and characterization of peptide constructs are detailed in
the Supporting Information. Figures 3–5 and 6(a–d)were generated
with Microsoft Excel 2010 using the ‘Scatter with Smooth Lines’
function. Figure 6e was prepared with Origin 9.2.214.
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Three new pairs of  sequence  isomeric  tripeptides were  synthesized  following previously described 
methods.1‐2 In the case of the Lys‐Trp‐Gly sequence isomers, the two fluorinated alkyl chains at the N‐
terminus and the lysine side chain were introduced in a single solution phase acylation reaction. 






demonstrated  the wave behavior of  light  In  the  so‐called  “Young’s  double  slit  experiment”  at  the 
beginning of the 19th century, which was in contrast to the prevailing view of the particulate nature 
























The  first  electron  interference  spectra  observed  in  a  double  slit  experiment  similar  to  the  one 
performed  by  Thomas  Young  was  published  in  the  year  1961  by  Claus  Jönsson.15  Analogous 
experiments with sodium atoms16 and diatomic sodium (Na2)17 followed. In the year 1999, the group 
of Markus Arndt  reported  another breakthrough  in matter‐wave  interference.  They  generated  an 
Chapter 2. Matter‐wave interference of modified tripeptides 
16
interference  pattern  from  a  beam  of  evaporated  C60  buckminsterfullerene  molecules  thereby 
increasing  the mass  limit  and  the number of  atoms  for more  than  one  order  of magnitude.  They 
adapted  the  experimental  setup  of  Young's  experiment  to  enable  interference  experiments  with 







































the  second one acts as a diffraction grating. The diffraction at  the  second grating generates a self‐
image of the second grating at the position of the third mask if they are spaced by the Talbot length 





interference  patterns  of  tetraphenyl  porphyrins  decorated  with  fluorinated  alkyl  chains  with  a 
molecular weight exceeding 10 000 amu. The molecular beam was produced by evaporation of the 




the  same  function  as described  above  for  the  Talbot‐Lau  interferometer: When  the  slits  of G3  are 
positioned where constructive interference occurs more molecules will pass the grating compared to 
a position where destructive interference occurs. Finally, the molecules were ionized by either electron 




















Figure 5.  (left) The  two  constitutional  isomers used  for  this  study.  (right) The adapted KDTLI setup with an  implemented 
electrical force field between G1 an G2. Reproduced from Ref. 27 with permission from The Royal Society of Chemistry.27 




with optimized properties. They were designed  in a way  that  they  can be  i)  thermally evaporated 




they  are  fundamental  components  of  every  known  living  being  and  provide  complex  molecular 
function. Due to their strong intermolecular interactions such as hydrogen bonds and their low thermal 
stability, peptides  and proteins are not  suitable  for evaporation  in  an  oven.  Accordingly,  different 
strategies to obtain neutral bio‐molecular beams had to be investigated. Two alternative approaches 















































6 R1= R2 = (CH2)2(CF2)7CF34 R
1= (CH2)2(CF2)7CF3, R2= (CH2)2(CF2)4CF3
5 R1= R2 = (CH2)2(CF2)7CF3
7 R1= R2 = (CH2)2(CF2)7CF3
 
Figure 6. Three sequence isomers of the modified Ala‐Trp tripeptides used in the first interference experiments with peptides. 
By  attaching  two  fluorinated  alkyl  chains  to  the  C‐  and  N‐  terminus  of  tryptophan‐containing 
tripeptides consisting of tryptophan and two alanine residues (Figure 6), they become volatile enough 
to be evaporated thermally.1 With peptide 4 the first ever measured interference pattern of a peptide 
















be measured. The poor  signal/noise  in  the  interference experiments of  tripeptides  is  likely due  to 
electron  impact  ionization.  As  observed  in  previous  studies1  electron  impact  leads  to  strong 
fragmentation of the peptides whereas under photoionization (157 nm) a strong signal for the intact 
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A  variety  of  polypeptides  with  up  to  50  amino  acids  were  synthesized  by  means  of  a  peptide 
synthesizer.  The  challenging  purification  of  the  produced  (WK)n  oligomers  was  performed  by 
preparative HPLC with varying success. (WK)n constructs with fluorinated alkyl chains attached to all 
lysine side chains were produced in a one‐step reaction by global amidation of the unmodified peptide 
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Since their first discovery by Louis Dunoyer and Otto Stern, molecular beams have conquered
research and technology. However, it has remained an outstanding challenge to isolate and
photoionize beams of massive neutral polypeptides. Here we show that femtosecond des-
orption from a matrix-free sample in high vacuum can produce biomolecular beams at least
25 times more efficiently than nanosecond techniques. While it has also been difficult to
photoionize large biomolecules, we find that tailored structures with an abundant exposure of
tryptophan residues at their surface can be ionized by vacuum ultraviolet light. The combi-
nation of these desorption and ionization techniques allows us to observe molecular beams of
neutral polypeptides with a mass exceeding 20,000 amu. They are composed of 50 amino
acids – 25 tryptophan and 25 lysine residues – and 26 fluorinated alkyl chains. The tools
presented here offer a basis for the preparation, control and detection of polypeptide beams.
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Molecular beam science was started at the beginning ofthe last century1 to explore the foundations of physicsin early tests of the kinetic theory of gases and in the
first matter–wave diffraction of atoms and diatomic molecules2.
Since then, free molecular beams have found diverse applications
ranging from atomic clocks3 and high-resolution molecular
spectroscopy4, over cluster deposition5 to nanoparticle metrol-
ogy6,7 and modern tests of fundamental quantum optics8–12.
Even functionalized silicon nanocrystals8 and silver-sulfur
nanoparticles9 have been thermally transferred as neutral parti-
cles into high vacuum.
In recent years, unsolvated biomolecules have attracted inter-
est13–15 since beam experiments allow one to extract intrinsic
electronic or structural information of molecules free from any
perturbing interactions with a local environment. While charged
molecules have been successfully trapped in vacuum for spec-
troscopy16, photodissociation17,18, or photodetachment studies19,
many electronic, magnetic, and optical properties are particularly
interesting for neutral particle beams20. Beams of isolated mole-
cules21 were also essential for the analysis of optical16 and elec-
tronic properties of oligopeptides22 and vitamins23.
Extending such experiments to large biopolymers and biomi-
metic particles requires novel methods for transferring them into
the gas phase and for detecting them efficiently as well as mass-
selectively. While some amino acids24, nucleotides25, and func-
tionalized tripeptides26 can be sublimated or evaporated, large
peptides and proteins typically decompose in thermal sources.
Nanosecond laser desorption can reduce the heat load and an
adiabatically expanding noble gas27 can cool and carry the
molecules toward their subsequent analysis28. However, for more
than 20 years, it has remained a challenge to desorb and photo-
ionize biopolymers with masses exceeding 2,000 amu29,30.
Several arguments have been put forward to explain this
observation: For instance, internal state relaxation competes with
multi-photon ionization29,31. This can be reduced using femto-
second ionization32 but dissipation to non-ionizing states still
often dominates in large biopolymers. Single-photon ionization
(SPI) can avoid the intermediate levels and close such relaxation
channels but it requires typically a photon energy >10 eV, which
is beyond the reach of sufficiently intense table-top laser sour-
ces33,34. Tryptophan (Trp) is the only natural amino acid that can
be ionized by a single photon of 7.89 eV as emitted by vacuum
ultraviolet (VUV) F2 lasers.
Gramicidin D and a number of other antibiotic peptides22 owe
their ionization properties to their Trp residues35. The role of Trp
as an ionizable moiety has been shown for amino acid clusters up
to Trp30, which can be abundantly detected using 157.6 nm
light36. In contrast, photoionization of large covalently bound
polypeptides has remained a challenge. A model for the reduced
photoionization yield, based on the assumption of rapid electron
recapture within the molecule, predicted an exponential decrease
with particle mass31 and negligible efficiency for peptides beyond
2,000 amu, as observed in many experiments so far. We therefore
hypothesized that ionization might still be possible if a high
number of chromophores could be exposed to vacuum.
Here we show that polypeptides with alternating Trp residues
and lysine residues that are amidated with fluoroalkyl chains can
be efficiently laser desorbed and postionized. Femtosecond laser
desorption enables >25 times higher material economy when
compared to nanosecond methods. Polypeptides exceeding
20,000 amu were successfully desorbed and postionized.
Results
Peptide design. Based on these reasonings, we have designed and
synthesized five model compounds (see Fig. 1) to build on the
antibiotic polypeptide gramicidin D (1), which was among the
most massive neutral biomolecules in previous beam experi-
ments. Commercial gramicidin D is composed of 15 amino acids,
and the most abundant A1 form (molecular weight 1882 amu)
contains four Trp residues. Our first tailored model system,
decatryptophan Trp10 (2), contains more than double the number
of chromophores at a comparable mass. Since peptide solubility
decreases with the number of Trp residues, Trp10 represents a
practical upper bound to the chain length for a quantitative
synthesis of such molecules. The second model compound
combines good solubility with high Trp content by alternating
Trp with lysine to Ac-(Lys-Trp)5-OH (3). This sequence of
alternating amino acids is scalable to long peptides. Compound
(4) displays the same (Trp-Lys)n motif as (3) for n= 10 and each
NH2 has been amidated with a fluorinated alkyl chain. The total
mass therefore exceeds that of gramicidin already by a factor of
4.5. The high fluorine content is intended to reduce inter-
molecular interactions and to enhance volatility.
In order to maximize the molecular weight at constant Trp
ratio, we synthesized the model polymers (5) and (6) with n= 14
and n= 25 blocks of (Lys-Trp)n. They were functionalized in the
same way as (3). Peptide (6) holds 1,960 atoms in 50 amino acid
building blocks with a total mass of 20,201 amu. It resembles a
protein in macromolecular architecture and mass. The molecules
were prepared by standard solid-phase peptide chemistry under
Fmoc protection37. Fluorinated alkyl groups were introduced by
amidation with the respective N-hydroxysuccinimide ester after
cleavage from the resin38.
From short-pulse to ultrafast laser desorption of heavy poly-
peptides. The molecular beam apparatus is sketched in Fig. 2.
Analyte powder is picked up by a felt wheel, which transfers a
thin layer of molecules onto a counter-rotating glassy carbon
wheel. This layer is desorbed by a pulsed focused laser beam39.
Different desorption lasers were used to answer different ques-
tions. Model compounds (1)–(3) were desorbed by short-pulse
infrared laser light (7 ns, 1064 nm, 4–6 × 107W cm−2) to explore
the role of the Trp content. A quantitative assessment of the
importance of the laser pulse duration was realized using gra-
micidin D (1). The high-mass peptides (4) and (5) show the
influence of fluoroalkyl functionalization. They were volatilized
using ultraviolet nanosecond pulses (7 ns, 266 nm, 5–8 × 107W
cm−2). The most massive polypeptide (6) was desorbed using
ultrafast, ultraviolet laser desorption (292 fs, 343 nm) with peak
intensities around 5 × 1011W cm−2.
Once detached from the surface, the analyte molecules are
immediately entrained by the atomic carrier gas (argon or neon)
that is released by a valve with about 20 μs opening time. The
neutral peptides fly 75 cm in high vacuum, across two
differentially pumped vacuum chambers. They are then photo-
ionized by a laser pulse at 157 nm to be extracted and detected by
orthogonal time-of-flight mass spectrometry.
Influence of the Trp content and fluoroalkyl chains. Figure 3
compares a set of three tailored polypeptides with gramicidin D
(1), which formed a molecular beam strong enough to saturate
the detector after VUV postionization. Assuming that a high Trp
content correlates with a high ionization cross-section, we have
desorbed decatryptophan (2) but find additional fragmentation
(For enlarged spectra and peak assignments, see Supplementary
Figures 33–38). Substituting half of the Trp residues by lysine
units enhances the solubility, facilitates the peptide synthesis and
enables soft volatilization with reduced fragmentation, as shown
for peptide (3). Compound (4) is built on this insight and raises
the mass by more than a factor of five compared to (3), using
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1064 nm & 266 nm
Fig. 2 Molecular beam machine to launch and detect neutral polypeptides. Short or ultrashort laser pulses can be used to desorb the analyte molecules
from a powder coated onto a rotating carbon wheel. The individualized polypeptides are entrained by an adiabatically expanding noble gas jet. The
molecular beam enters the differentially pumped ionization chamber where a vacuum ultraviolet (VUV) laser pulse (ca. 1 mJ and 10 ns) ionizes it for

























































































































Fig. 1 Iterative design of high mass oligopeptides for molecular beam experiments. Gramicidin A1, as shown here (1) is the principal component of
commercial gramicidin D. Decatryptophan (2) has the highest tryptophan-to-mass ratio of all peptides in our study. Alternating Trp with Lys as in (3)
provides better solubility and synthetic scalability. The molecular mass and the volatility can be enhanced by capping the NH2 groups with CO
(CH2)2(CF2)7CF3 groups as in (4)–(6). (5) extends (4) to n= 14, with a total of 29 amino acids. (6) extends (5) to n= 25, i.e., it contains 50 amino acids.
It is functionalized to increase its molecular weight to 20,201 amu and to expose copious amounts of tryptophan to the vacuum
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fluoroalkyl functionalization. Even though peptide (4) exhibits
more fragments than (3), it demonstrates that high-mass peptides
can be tailored for neutral molecular beam experiments and be
photoionized by VUV laser light.
We have verified the robustness of the mass spectra for various
UV nanosecond desorption and ionization energies using
compound (4) (8377 amu) and oligopeptide (P7, Supplementary
Figures 41–43, Supplementary Table 2, Supplementary Notes 3–
5) (12,320 amu). While we find a threshold behavior followed by
saturation for the desorption process (Supplementary Figures 41
and 42 and Supplementary Table 2), the ion yield grows
continuously with the ionization energy for the available range
of laser pulse energies (Supplementary Figure 43).
On the importance of ultrafast desorption. At a pulse energy of
up to 3 mJ, the Q-switched nanosecond laser beam was focused
into a spot of 2 mm diameter and reached a peak intensity of
about 107W cm−2. This value is comparable to threshold values
in matrix-assisted laser desorption ionization (MALDI) experi-
ments40. However, several MALDI studies have shown that only a
fraction of 10−4–10−7 of all desorbed material contributes to the
final ion signal41. Similarly, in our experiments a substantial
fraction of the material is released as nano- and microparticles,
which visibly coat the vacuum chamber and are thus lost for the
molecular beam.
This indicates an opportunity for substantial improvements
and one is led to believe that ultrafast desorption might increase
the desorption efficiency, since the absorbed heat will spread less
before the pulse energy is transferred and molecules are ejected.
This idea has caught on in recent mass spectrometric experiments
that combined femtosecond laser desorption with electrospray
postionization under atmospheric conditions42,43. Here we
explore the benefits of ultrafast laser light on biomolecular layers
in high vacuum, followed by rapid injection into an adiabatically
expanding argon beam. Our ultrafast lasers cover pulse energies
up to 80 μJ at 1030 nm and up to 40 μJ at 343 nm with a pulse
duration down to 292 fs. We have characterized this idea using
gramicidin D (1) because of its abundant commercial availability.
The robustness of the qualitative form of the mass spectra was
first tested for a wide range of desorption conditions, now
including femtosecond light (Supplementary Table 2 and
Supplementary Figure 40). Comparing then ultrafast desorption
at 1030 and 343 nm for comparable pulse durations (292 fs) and
energies (15 μJ, on the sample), we find the high UV photon
energy (3.6 eV) to be essential for peptide desorption. The energy
threshold at this wavelength amounts to about 10 μJ focused in a
near-Gaussian waist of ca. 100 μm diameter, i.e., 100 mJ cm−2 or
3 × 1011W cm−2 .
Most importantly, the femtosecond pulses improve the sample
life time by a factor of >25 in comparison to nanosecond
desorption. This is documented in Fig. 4a, where the molecular
beam signal is traced as a function of time, while the laser is
irradiating the same sample spot with a rate of 100 Hz. The
hypothesis that ultrafast desorption favors individualized mole-
cules over the formation of nanoparticles is also corroborated by
the fact that the source chamber remains visibly clean.
Figure 4b might suggest that, for the chosen parameters, a
laser pulse duration of 10–20 ps already achieves this goal.
Reducing the duration by another factor of 33, from 10 ps to
300 fs, the signal decreases by only about a factor of 2. This is
consistent with the assumption that most particles depart
already as isolated molecules. Reducing the laser pulse length at
constant energy and thus increasing the peak intensity may
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Fig. 3 Nanosecond desorption and VUV ionization of functional polypeptides (1)–(4). Gramicidin D (1) serves as a reference molecule for desorption/
postionization experiments. Decatryptophan (2) has the highest tryptophan-to-mass ratio and lowest solubility in our series of unmodified peptides.
Peptide (3) improves on that by substituting every second Trp by Lys. (4) is the first step on a new path toward neutral bio-inspired nanoparticle beams
and toward a better understanding of the conditions for biopolymer ionization
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Improving the material economy by up to two orders of
magnitude is a precious advantage in experiments with rare
materials, but how would the tremendous laser intensity increase
of ultrafast desorption affect the fragmentation pattern? Figure 5
illustrates that ultraviolet desorption can generate a neutral and
photoionizable beam of the high-mass peptide (5) in both the
nanosecond and the femtosecond mode. Comparable integrated
signals and fragmentation patterns were obtained; however, at
100 times lower pulse energy, 200 times higher peak intensity and
2 orders of magnitude reduced material consumption in the
femtosecond case.
Further exploring the scalability of our new synthesis,
desorption, and detection methods, Fig. 6 shows that even the
most massive polypeptide in this series can be transferred into a
beam of neutral molecules that can be postionized using 157 nm
VUV light. This is noteworthy since compound (6) is about an
order of magnitude more massive than other biopolymers whose
photoionization has been reported in the literature so far.
To explore the role of the molecular structure and folding on
the exposure of the Trp chromophores to vacuum, canonical-
ensemble molecular dynamics simulations were performed for
different temperatures. While even at low temperatures a plethora
of stretched and coiled structures can stably coexist, we explore
the extreme case, starting from the stretched state. While
molecule (6) can initially extend over >7 nm, our numerical
simulations show that it collapses within <100 ps into an
energetically more favorable coiled-up tertiary structure upon
heating, regardless of the initial state, which is kinetically trapped
at low temperature. As a measure of compactness, the average
radius of gyration 〈RG〉 was calculated as a function of
temperature. Figure 7a traces the collapse toward an equilibrium
end-to-end distance of about 2 nm beyond T > 350 K and 〈RG〉 ≃
1.5 nm. One might worry that the close conformation might bury
most chromophores and render photoionization difficult. To
obtain an estimate for the exposure of all moieties to vacuum, we
have calculated the solvent accessible surface area for the entire
molecule as well as for its relevant components, i.e., the Trp and
Lys residues as well as the fluoroalkyl chains. Figure 7b shows that
the exposed surface area of Trp remains essentially constant over
the 0-400 K temperature range and Trp residues are still
abundantly exposed to vacuum even in the collapsed state. This
can facilitate the escape of electrons after photoionization and
distinguishes these Trp-rich polypeptides from many natural
proteins (Computational details can be found in the Supplemen-
tary Note 2).
Polymer length and desorption/detection efficiency. While
earlier papers had speculated that there might be an exponential
decrease in the ionization efficiency with increasing mass of the
biopolymer, the compounds of our present study were explicitly
tailored to avoid this: the number of ionizable Trp chromophores
increases in proportion with the polymer length and the simu-
lations show that for all tested circumstances they are arranged
abundantly on the molecular surface. While the absorption and
ionization probability should thus remain constant with
increasing polymer length, the dependence of the volatilization on
chain length is less obvious. On the one hand, the equally
increasing number of perfluoroalkyl chains reduces the potential
stacking of aromatic rings and increase the mass/polarizability or
mass/dipole moment ratios. This was already the idea and success
of earlier high-mass molecular quantum optics experiments12.
































Fig. 4 Molecular beam strength and desorption efficiency as a function of laser pulse duration. a Desorption economy: Gramicidin D was desorbed from a
thin film. We compare the longevity of a typical sample spot under ultrafast desorption (300 fs at 343 nm, 15 μJ red full circles and line) and short pulse
desorption (7 ns at 355 nm, 3 mJ, blue full squares and line). For the same surface area of 100 × 100 μm2, femtosecond irradiation yields approximately the
same initial molecular beam signal but at substantially longer sample life time. The solid lines are exponential fits to the data, with a decay constant of τns
= 27 and τfs= 676min. b Desorption laser pulse duration: When varying the pulse duration of infrared light (1030 nm, 40 μJ on 100 × 100 μm2) irradiating
gramicidin D (see inset), we find a smooth increase in the number of detected molecules when the pulse duration is ramped through a factor of 25. The




































Fig. 5 Mass spectra of the polypeptide (5) in comparison between
nanosecond and femtosecond desorption. Desorption conditions: short-
pulse: λ= 355 nm, E= 3mJ, τ= 7 ns (red line, foreground). Ultrashort
pulse: λ= 343 nm, E= 15 μJ, τ= 292 fs (blue line, background). The
different desorption conditions change the desorption efficiency but hardly
influence the fragmentation pattern. For peak assignments, see
Supplementary Figure 37
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must result in 10 times fewer clicks for compound (6) at about
20,000 amu compared to gramicidin at not even 2,000 amu.
Finally, the secondary electron multiplication efficiency inside the
time-of-flight mass spectrometer (TOF-MS) strongly depends on
the velocity rather than the kinetic energy of the incident ions.
While all molecules are accelerated by the same 16 kV voltage,
they reach different velocities, whose influence is critical but not
exactly determined for this particular molecular species. This
makes it impossible to provide a clear functional dependence.
However, we do not observe any substantial decay in signal/noise
across the biopolymer mass range of 3,832–12,320 amu.
Discussion
Our study shows that a combined approach of synthetic design
and ultrafast desorption enables the soft launch of neutral high-
mass polypeptides up to the complexity of small proteins into
neutral molecular beams and their successful soft photoioniza-
tion. This could be achieved for bio-inspired nanoparticles
composed of 50 amino acids and exceeding 20,000 amu, i.e., an
order of magnitude higher than seen on native peptides. The
functionalized polypeptide (6) is 350% more massive and con-
tains 250% more atoms than insulin (51 residues, 5803 amu, 788
atoms).
Exploiting bio-mimetic growth principles, the tailored com-
pounds can be synthesized with atomically defined composition
and structure. It seems possible to ligate two or more of these
chains to design bio-mimetic molecules with defined mass and
atomic sequence to much higher masses, in future.
The peptide design focused on the abundant inclusion of Trp,
which is the only natural amino acid compatible with single-
photon VUV postionization using table top laser sources at 157
nm. The high Trp abundances also ensures that these chromo-
phores will be exposed to vacuum, even in coiled-up peptides.
This has been crucial for the successful in situ mass analysis of the
initially neutral molecular beam. For the largest polypeptide in
our series, ultrafast ultraviolet desorption was essential. And even
for peptides up to 2,000 amu, fs-desorption was >25 times more
material efficient than nanosecond methods. Ultrafast desorption
therefore promises to also improve on mass spectrometry in
combination with novel ionization methods. Intriguing progress
on native proteins had been reported using electrospray post-
ionization before43,44.
The high susceptibility of Trp-rich peptides to VUV SPI will
also be of importance for advanced macromolecular matter–wave
experiments where photo-depletion gratings45,46 provide novel
beam splitters for complex biomolecular matter–waves. Poly-
peptides exceeding 20,000 amu are therefore interesting candi-
dates for the next generation of matter–wave interference
experiments, which can cope with de Broglie wavelengths as small
as 50 fm.
Methods
Sample preparation and desorption. A homogeneous distribution of the mole-
cules is established by first dissolving them and loading a felt wheel, which rubs
against the counter-rotating glassy carbon wheel39. For the nanosecond desorption
of compound (4), the sample was premixed with Trp in a ratio of 1:20. This
procedure was not necessary for the femtosecond experiments. The Vienna TOF-
MS was calibrated to the Swiss MALDI TOF results via a linear transformation
using all sizeable peaks of the mass distribution of (5) and (6) up to 20,000 amu.
Four different laser types were compared in the desorption experiments (See
Supplementary Table 2 for detailed conditions of every single experiment):
Short-pulse ultraviolet light, emitted by the fourth harmonic of the flash-lamp
pumped Innolas Spitlight 400: wavelength λ= 266 nm, duration τd= 7±2 ns.
Short-pulse ultraviolet light, emitted by an EKSPLA “NT200 OPO” laser: λ=
355 nm, τd= 7±2 ns, E= 1.5 mJ.
Ultrafast infrared light, emitted by a TOPAG “Carbide” fs-fiber laser: λ= 1030
nm, τd= 292 fs–10 ps, Ed < 40 μJ on the sample
Ultrafast ultraviolet light, 343 nm, ultrafast pulse, emitted by a TOPAG
“Carbide” fs-fiber laser: λ= 343 nm, E= 40 μJ.
Supersonic expansion and molecular beam velocity. A noble gas jet is released
by an Even–Lavie valve47 with a backing pressure between 2 and 50 bar and a pulse
duration of 20–22 μs. The experiments were performed using argon or neon with a
purity of 99.999%. The gas and the polypeptides travel through a differentially
pumped vacuum chamber, separated by a 3-mm skimmer, 55 cm behind the source
and 20 cm from the ionization region. During operation at 100 Hz, the residual
pressure is ca. 5 × 10−5 mbar in the source chamber and 5 × 10−7 mbar or 2 × 10−8
mbar in the detector chamber, for the nanosecond tests on (1)–(4) and the fs-tests
on (5) and (6), respectively. For gramicidin D (1), we observe a mean velocity of
590 m s−1 with a full width at half maximum of 80 m s−1. The absence of any
major velocity slip and the width of the distribution suggest that the number of
collisions suffices to thermalize the translational energy spread of gramicidin to a
temperature of 18 K. This is a lower limit to the expected rotational and vibrational
temperature of this peptide.
Ion detection. The peptides were ionized by light from a fluorine laser (Coherent
Excistar) with λ= 157 nm, τi= 10 ns, Ei= 1–2 mJ, A= 3× 3mm2 and analyzed
using an orthogonal TOF-MS (Kaesdorf München). Model compounds (1)–(4)
were detected using an orthogonal TOF-MS Δm:m= 1:500 and baseline corrected.
For (5)–(6), we used an orthogonal reflectron TOF-MS (Δm:m= 1:500). Both
spectrometers accelerate the ions by 16 kV and count them by electron multi-
plication using a triple-stack of multi-channel plates. Figure 4: Every point was
integrated 5 times over 1000 mass spectra. Figure 6: Each spectrum contained 106
points and was smoothed using a running average of 100 points (SI).
Synthetic procedures and characterization of compounds. See Supplementary
Methods and Supplementary Note 1, Supplementary Table 1, Supplementary
Figures 1–32.
Computational details. See Supplementary Note 2.
Laser desorption/photoionization mass spectra and conditions. See Supple-
mentary Figures 33–39, 40, 42, 43 and Supplementary Notes 3–5, Supplementary
Table 2.
Influence of the desorption laser wavelength and pulse length on the char-


















Fig. 6 A neutral molecular beam of massive functionalized polypeptides. A
mixture of model peptides (5) and (6) was prepared in a ratio of 15mg:140
mg and exposed to ultraviolet femtosecond desorption (λ= 343 nm, τ=
292, 15 μJ in 100 × 100 μm2). Even compound (6) stands out with good
signal-to-noise ratio, proving the successful neutral launch and VUV
postionization of this massive polypeptide. The fragments are assigned to
the cleavage of Trp-Lys(fluoroalkyl) groups (as in Fig. 5) and are also found
in the MALDI spectra of the same compounds (Supplementary Figures 24
and 28, see also Supplementary Figures 38 and 39)
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Influence of the desorption energy/fluence. See Supplementary Note 4 and
Supplementary Figure 41.
Influence of the ionization energy/fluence on the normalized mass peak. See
Supplementary Note 5 and Supplementary Figures 42 and 43.
Data availability
All relevant data are available from the authors upon reasonable request.
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Fig. 7 Structural parameters obtained with canonical-ensemble molecular dynamics simulations. a Temperature dependence of the radius of gyration 〈RG〉
of polypeptide (6). Even when starting from a stretched state, the molecule rapidly coils into a closed tertiary structure with increasing temperature. b The
average solvent accessible surface area 〈SASA〉 quantifies the exposure of different parts of the molecule, here to vacuum. The total area (blue squares)
decreases with increasing temperature, as expected but slowly increases beyond 300 K because of the increased exposure of the fluoroalkyl chains (green
circles). The tryptophan residues (magenta diamonds) remain almost fully exposed at all temperatures, while the lysine surface (orange triangles) shrinks
slightly. Error bars correspond to the standard deviation of the mean.
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and  characterization  were  conducted  by  J.  Schätti  under  the  guidance  of  H.  Malin,  J.  Klehr  and 




UPLC‐MS.  The  two  wild  type  variants  of  ubiquitin  and  the  ribosomal  protein  S6  from  Thermus 





obtained  in  good  yield  after  preparative  HPLC  purification.  For  all  systems  mentioned  here, 
photoionization failed so far.   




of  proteins  following  the  successful  desorption  and  post‐ionization  of  tailor‐made  high‐mass 
tryptophan‐rich  polypeptides  decorated with  fluorinated  chains. Molecules  of  up  to  20  kDa  were 
successfully desorbed as neutrals into the gas‐phase and subsequently photoionized.1 Laser desorption 




phase,  has  been  demonstrated  by  the  Arndt  group1  and  even  larger  unmodified  peptides  were 






enable electron detachment  (Figure 1).  Photoionization of  large and  flexible biomolecules  is not a 
trivial task and is potentially complicated by  i) energy redistribution, i.e. competitive heating of the 
molecule,  and  ii)  electron  recapture  processes. Both  effects  likely  contribute  to  the  exponentially 
decreasing efficiency of photoionization with increasing mass.5‐7 Until recently it was believed that an 
approximate  limit of 2 kDa for the photoionization of biomolecules by VUV could not be overcome. 
The  group  of  M.  Arndt  showed  with  constructs  synthesized  in  the  context  of  this  thesis  that 
tryptophan‐rich modified peptides can be successfully photoionized up to 20 kDa. A beneficial factor 
for the success of the experiment was considered to be a high chromophore density at the surface of 
the  peptide.  Chromophores  can  be  posttranslationally  attached  to  natural  proteins  by  chemical 
methods  or  amino  acid  (aa) based natural  chromophores  (Trp,  Tyr)  can  be  introduced by  genetic 
engineering. Both approaches were investigated. 
   







NHS‐ester  (75  eq.)  was  employed.  In  the  case  of  pyrenylacetic  acid  this  lead  to  the  formation  of 
predominantly triply modified insulin 4 which was isolated with a yield of 14% by preparative HPLC. 
When  the  same conditions were applied  for  the derivatization with  the NHS ester of naphthalene 

















Encouraged  by  the  successful  laser‐desorption/photoionization  of  large  tryptophan‐rich  peptide 
constructs,1 the  introduction of gene‐encoded tryptophan‐rich tags at the C‐ or N‐termini of model 
proteins  was  investigated.  Advantages  of  genetically  introduced  tags,  compared  to  chemical 
modification of proteins, include scalability and the defined location of the chromophore at one of the 
termini of the protein. The method provides direct access to a single fully defined species, whereas 
















were  converted  to  lysine  residues  in  ubiquitin  and  S6,  respectively)  were  prepared  for  chemical 
modification (see above) and are displayed on the SDS‐gels, but were not studied further. All constructs 
are  listed  in  Table  1.  Gene  constructs  encoding  for  the  different  ubiquitin  and  S6  mutants  were 
purchased  from GeneScript  in a pET24a plasmid with kanamycin  resistance  (see experimental part, 
Table S2 for gene sequences). The plasmids were transformed into competent E.coli cells (BL21) and 
protein expression was performed  in  ZYP autoinduction media  (see experimental part  for details). 
Protein expression was qualitatively analyzed for the 24 different constructs by SDS‐PAGE of the cell 
suspension as shown in Figure 3.  







N‐terminus  of  the  wild  type  was  not  successful  as  judged  by  the  observed  expression  levels  for 
constructs Ubi‐14 and Ubi‐15. It seems reasonable that protein expression which begins with a poorly 
soluble sequence is less advantageous than solubilizing a poorly soluble tag with a fully formed soluble 
protein. No  expression was  further observed  for S6‐6, which might be  explained  by  the antibiotic 
character  of  Trp/Lys  rich  motifs,12  which  could  lead  to  enhanced  plasmid  secretion.  The  other 
constructs where expression failed (Ubi‐5, Ubi‐7, S6‐8, Ubi‐9, Ubi‐12, Ubi‐13, Ubi‐16) had either long 














which  can  subsequently be  removed by  centrifugation  (see Figure 5a).  This purification procedure 
leads  unfortunately  also  to  complete  precipitation  of  ubiquitin  and  S6  constructs  containing 
tryptophan‐rich tags. For the most promising candidate Ubi‐W5 the time and temperature dependence 
of the precipitation was investigated in more detail (see Figure 5b). The best trade‐off conditions, in 








PAGE,  and  the proteins were dialyzed against Milli‐Q water. For  the wild  type  proteins,  a  yield  of 
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#  construct  expressed  soluble  #  construct  expressed  soluble 
Ubi‐1  Ubiquitin (WT)  ✓  ✓  S6‐1  S6 (WT)  ✓  ✓ 
Ubi‐2  Ubi RK  ✓  ✓  S6‐2  S6 RK  ✓  ✓ 
Ubi‐3  Ubi‐W5  ✓  ✓  S6‐3  S6‐W5  ✓  (✓) 
Ubi‐4  Ubi‐(KW)5  ✓  X  S6‐4  S6‐(KW)5  ✓  X 
Ubi‐5  Ubi‐(LW)5  X  X  S6‐5  S6‐(LW)5  X  X 
‐  ‐  ‐  ‐  S6‐6  S6‐(KW)10  X  X 








X  X  ‐  ‐  ‐  ‐ 
Ubi‐10  Ubi‐EAAAK‐W5 ‐EAAAK  ✓  ✓  S6‐10  S6‐EAAAK‐W5 ‐EAAAK  ✓  ✓ 








X  X  ‐  ‐  ‐  ‐ 
Ubi‐14  W5 –Ubi  X  X  ‐  ‐  ‐  ‐ 
Ubi‐15  W5 –Ubi‐W5  X  X  ‐  ‐  ‐  ‐ 
Ubi‐16  Ubi‐(WS)10  X  X  ‐  ‐  ‐  ‐ 







precipitated during dialysis;  (3) Ubi‐3  purified by heat  treatment  (60  °C  for 30 min) and subsequent precipitation during 
dialysis against Milli‐Q water. (b) Ethidium bromide stained agarose gel of Ubi‐3 purified by precipitation (I) and after further 
purification by a DNA extraction columns (II).  
The UV/Vis  spectra of  the purified Ubi‐3 construct  indicate  the presence  of DNA‐fragments  in  the 
precipitate, which was confirmed by ethidium bromide staining after electrophoresis on an agarose 
gel (Figure 6b). Commercial DNA miniprep cartridges could efficiently remove the DNA fragments, but 





The  laser  desorption/photoionization  experiments  performed  under  the  optimized  conditions 
(ultraviolet  femtosecond  desorption  (λ  =343  nm,  τ=  292,  15  µJ  in  100  ×  100  µm2)  followed  by 




























Tryptophan‐  and  Lysine/Arginine‐Rich Antimicrobial Peptide with  Therapeutic  Potential  for
Clinical Antibiotic‐Resistant Candida albicans Vaginitis. J. Med. Chem. 2016, 59 (5), 1791‐1799.
















reaction  between  the  peptide  and  the  tags  gave,  after  preparative  HPLC  purification,  rise  to  a 
considerable variety of modified peptides to test in gas‐phase photocleavage experiments. 
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Tailored photocleavable peptides: fragmentation
and neutralization pathways in high vacuum†
M. Debiossac, ‡a J. Schätti,‡b M. Kriegleder,a P. Geyer,a A. Shayeghi, a
M. Mayor, bcd M. Arndt *a and V. Köhler *b
Photocleavable tags (PCTs) have the potential for excellent spatio-temporal control over the release of
subunits of complex molecules. Here, we show that electrosprayed oligopeptides, functionalized by a
tailored ortho-nitroarylether can undergo site-specific photo-activated cleavage under UV irradiation
(266 nm) in high vacuum. The comparison of UV photodissociation (UVPD) and collision-induced
dissociation (CID) points to the thermal nature of the cleavage mechanism, a picture corroborated by
the temperature dependence of the process. Two competing photodissociation pathways can be
identified. In one case a phenolate anion is separated from a neutral zwitterion. In the other case a
neutral phenol derivative leaves a negatively charged peptide behind. To understand the factors favoring
one channel over the other, we investigate the influence of the peptide length, the nature of the
phenolic group and the position of the nitro-group (ortho vs. para). The observed gas phase cleavage of
a para-nitro benzylic ether markedly differs from the established behavior in solution.
1 Introduction
The charge state of peptides and proteins affects their chemical
and biological behavior through intermolecular electrostatic
interactions as well as by modulation of their geometry and
folding, electronic and vibrational energy structure,1 and their
electro-optical or collisional2,3 properties. Spectroscopic studies
of biomolecules in the gas phase are interesting as they
specifically allow identifying the role of matrix effects.4–6
The combination of both aspects, i.e. charge control of
biomolecules in the gas phase is relevant for molecular trapping,7,8
optical9 and photo-electron spectroscopy,10,11 as well as for electron
or femto-second X-ray diffraction.12,13 Several methods for
charge manipulation have been studied in the past, such as
atomic collisions,14 chemical reactions,15 and low-energy electron
attachment.16
Laser-induced processes are intriguing since they are com-
patible with ultra-high vacuum requirements, can achieve high
efficiency and combine high spatial resolution with sub-
nanosecond timing. UV electron photodetachment (ED) has
recently been successfully demonstrated on insulin polyanions,17
however, in complex molecules it competes with photodissociation
(PD).18
It has been shown that photocleavage can be optimized
using tailored tag molecules that respond to UV light19,20 and
visible light,21 also for peptides with ionization energies exceeding
the photon energies of table-top lasers.22 The heterolytic removal
of the leaving group (LG) from a singly charged photo-tagged
peptide anion is a promising strategy for the controlled generation
of neutral zwitterions in the gas phase23 (Scheme 1) and can be
relevant for proteomics.24–26
Our work aims at developing tools that enable the generation of
continuous beams of neutral, slow and internally cold peptides
and proteins for matter-wave interferometry.27 Such controlled
beams are valuable for fundamental tests of quantum physics,
enable new measurements of molecular electronic,28 optical and
magnetic properties,29,30 as well as optical and infrared spectro-
scopy under controlled interaction-free conditions.31
Here, we study tailored oligopeptides with a photocleavable
tag in an electrospray mass spectrometer,32 aiming at the controlled
charge removal from singly charged anions by photodissociation
(PD) at a tailored cleavage point.33 For that purpose, we have
synthesized non-aromatic oligopeptides containing between three
and twelve amino acids (1–4), and a covalently attached photo-
cleavable tag (PCT) with a leaving group that is supposed to split
off upon absorption of one or several UV photons (Scheme 1
and ESI†). We have synthesized the four different LGs (a–d) to
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investigate their influence on the cleaving efficiency and in all
cases the aromatic PCT is designed to be the dominant UV
absorber in the tagged peptide.
The experiments are performed using a customized ESI-Q-
TOF mass spectrometer, as shown in Fig. 1. The electro-sprayed
ions are guided into high vacuum by a stack of ring electrodes.
They are mass-selected by a quadrupole ion filter, temperature-
controlled by the buffer-gas in the first hexapole ion guide
(marked in blue in Fig. 1), photo-activated by UV laser light inside
the second hexapole ion guide (without buffer gas, marked in red)
and detected using a time-of-flight mass spectrometer. A pulse-
tube cooler was fitted to the first hexapole, allowing to set a
temperature of between T = 60–300 K. Pulsed ultraviolet laser light
(l = 266 nm, 10 ns, o1 mJ per pulse) was aligned to be collinear
and counter-propagating to the ion beam.
2 Results and discussion
Fig. 2a and b show the UVPD (a) and CID (b) mass spectra of the
tripeptide 1a. The fragment at 229 u/e results from heterolytic
cleavage of the leaving group a. Both mass spectra show the
desired LG-anion a as the only fragment, suggesting that UVPD
and CID follow a similar mechanism.
Fig. 2c and d trace the UV photodepletion efficiency for the
tripeptide 1a as a function of the laser fluence and for two
different molecular temperatures. The molecules interact with
a buffer gas at 300 K (c) or 60 K (d) prior to the PD experiments.
We define the UVPD efficiency as 1  S/S0. It measures the
reduction of the parent ion signal in the presence (S) or absence
(S0) of the UV light. Its dependence on the laser fluence F is
derived from kinetic rate equations21,34
1  S/S0 = 1  a + a(1 + gsF)esF (1)
with a as the spatio-temporal overlap between the UV laser
beam and the ion beam, g the fraction of two-photon processes
and s the PD cross section as a lower bound to the absolute
absorption cross section (see Fig. S1, ESI†). The temperature of
the buffer gas determines whether one (g = 0) or at least two
photons (g = 1) are needed to deplete the parent ion signal.
From Fig. 2a we extract a = 0.4  0.1 and s = 0.4  0.1 Å2.
Scheme 1 Photocleavable tags (PCT), reaction scheme, oligopeptides and leaving groups (LG) used in this study. Upon irradiation with 266 nm UV light
the functionalized peptides can undergo either heterolytic cleavage or dissociation with simultaneous proton transfer. The functionalized peptides differ
in their amino acid sequence Lys-Ala-(Leu-Gly-Ala)n-Leu and in their leaving group (LG) 1a, 1b, 1c, 1d. The index n = 0–3 labels the oligopeptides from a
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While single-photon cleavage prevails at 300 K, the data are
best fitted by a 70% probability for a two-photon process when
the molecules are 60 K cold.
This suggests that the cleavage process depends on the
molecular heat capacity, which increases with peptide length
(Fig. 3). More photons are then required for heterolytic cleavage
to occur on the experimental time scale (Fig. S3, ESI†). This
hypothesis is corroborated by the observation that the character
of the dissociation changes with peptide length. Fig. 3a shows
that for the tripeptide 1a heterolytic cleavage of the LG-anion a
at 229 u/e is the only observed dissociation channel. However,
for all longer oligopeptides we find the additional channel
involving the transfer of a proton, which results in the separation
of a neutral leaving group LG-H from a negatively charged
peptide (Fig. 3b and Scheme 1). While the hexapeptide 2a still
shows partial heterolysis, the longer peptides 3a and 4a dissociate
exclusively under proton transfer, with the fragment at m/z =
(M  230) u/e. The proton transfer reaction is always accompanied
by the formation of a second fragment at m/z = (M  246) u/e.
In contrast to that we have never observed proton transfer in
our collision induced dissociation experiments (Fig. S5, ESI†).
Instead, the CID spectrum of the hexa- and nonapeptide 2a and
3a yield about 5% of heterolytic cleavage at 300 K, and the
nonapeptide spectrum shows the appearance of some back-
bone fragments.
A systematic variation of the leaving group a, b, c, d at the
tripeptide 1, confirmed our design hypothesis that the electron
withdrawing fluorine substituents stabilize the negative charge
on the LG phenolates and enable heterolytic cleavage. We
correlate the heterolytic cleavage efficiencies with density functional
theory (DFT) calculations (ESI†) to shed light on our experimental
findings. Initial conformations used in DFT calculations are
modeled in terms of chemical constitution and further locally
relaxed using manually created conformations. Short ab initio
Fig. 1 Experimental setup. Ions are sprayed and mass-selected in a 2D
quadrupole filter (MS1) and temperature controlled in the cryogenic
hexapole ion guide before interacting with short (10 ns) 266 nm laser
pulse inside the second hexapole guide.
Fig. 2 (a and b) The UVPD and CID mass spectra of the tripeptide 1a
(m = 744 u/e) show one and the same fragment a at m/z = 229 u/e. The
CID spectrum was recorded at an ion energy of 28 eV in collision with
room temperature argon atoms. (c and d) Temperature dependence of the
photodepletion efficiency: at a molecular temperature of 300 K, the UVDP
curve can be fitted by a pure exponential decay, corresponding to a single-
photon process (c). At T C 60 K a large fraction of molecules must absorb
two or more photons before they fragment.
Fig. 3 (a) UVPD mass spectra for peptides 1a–4a for maximum laser
fluence of 3.3 Å2. The fragment at 229 u/e results from heterolytic
cleavage of the LG. Red arrows indicate the fragments formed due to
proton transfer dissociation (M-LG-H and M-LG-H-16). (b) Fragment yield
for LG a (dark circles) and for fragments due to proton transfer dissociation
(red squares) as a function of the peptide length. Points and error bars
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molecular dynamics (AIMD) simulations at 300 K further helped
us to explore the potential energy surface (PES) for candidates
while the electronic potential is provided by DFT at the PBE0/
3-21G level of theory. Several conformational candidates are
further locally optimized at 0 K at the PBE0/Def2TZVP35,36 level
and lowest energy conformations are used in the following
calculations. The energetics of the photocleavage process is
addressed by relating heterolytic bond dissociation energies
(BDE),37 vertical electron detachment energies (VDE),38 fragment
yields and pKa values. Additionally, mean thermal energies are
estimated from calculated vibrational spectra in the harmonic
approximation (Table S1, ESI†).
Even though the energy of a single 266 nm photon (4.7 eV) is
smaller than the BDE of 1a (6.9 eV), it adds to a mean thermal
energy of 1.4 eV at 300 K and thus to a total internal energy of
6.1 eV, which is close enough to the BDE for fragmentation
to occur after some intra-molecular reorganization. At lower
temperature, here at 60 K, the total internal energy of 4.8 eV is
far below the BDE value. This is consistent with the observation
in Fig. 2b that at 60 K two or more photons are required in most
cases. Electron detachment cannot be entirely excluded, given
the computed VDE values of 4.6 eV, especially since the experi-
mental fragment collection efficiency is not exactly known.
Apparently, for some LGs heterolytic cleavage becomes less
probable than a dissociation involving proton transfer (1c).
Heterolytic cleavage must leave a zwitterionic peptide behind
which might be favored by the formation of a tropylium cation.
Preliminary DFT calculations (ESI†) indicate that this structure
is of comparable stability to the corresponding benzyl cation. It
remains, however, an open task to model detailed reaction
pathways and to evaluate the barriers for the intermediates. We
also find that the trend in fragmentation yields for compounds
1a–1d (Fig. 4a), correlate with the pKa values of the protonated
leaving groups LG-H (Table S1, ESI†), even though the latter
also include ion solvation energies.
To compare the optical response of the tripeptides 1 with
different LGs, time-dependent density functional theory (TDDFT)
calculations were performed at the same level of theory as before,
involving 100 excited states. Gaussian convolutions to the
calculated line spectra show strong absorption around 250 nm
for 1a–1d (Fig. 4b). Electronic excitation analysis based on
natural transition orbitals (NTO)39 confirms that the UV light
excites the PCT rather than the peptide. We also find that the
absorption spectra do not significantly change upon exchange
of the LG.
The photocleavage of o-nitrobenzylethers and related nitroaryls
in solution is well documented in the literature.40,41 Since cleavage
of the 2-phenoxy-methyl-nitrobenzene can already be realized with
electrons and atoms of the photolinker, that is without the
involvement of solvent molecules, site-specific dissociation should
also be possible in the gas phase,33 as seen in our experiments.
Fig. 4 (a) LG fragment yield of the functionalized tripeptide 1 as a function
of the laser fluence. The four difference curves correspond to the same
PCT core with four different leaving groups (a, b, c and d). (b) The oscillator
strength of the tripeptides 1a–1d is obtained by TDDFT. For simplicity we
show a Gaussian convolutions to the line spectrum only for peptide 1a.
The arrow points to the NTOs with the largest eigenvalue for the transition
close to 266 nm. For the particular LG a the calculations find efficient
charge transfer from the absorbing PCT towards the LG in the transition
from the ground state |gi to the excited state |ei.
Fig. 5 Effect of nitro-group position on photocleavage efficiency.
Heterolysis in the tripeptide is little affected by moving the nitro-group
to the para-position of the LG (a and b) whereas cleavage under proton
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To decipher the role of the nitro group, isomers of the tripeptide 1a
and the nonapeptide 3a, (p-1a, p-3a) were synthesized with the
nitro-group in the para-position of the benzylic ether function
(Fig. 5). We find that p-1a and 1a cleave with a comparable
heterolytic efficiency, corroborating the thermal nature of the
process. This is markedly different from the behavior in solution
(DMSO-d6) where irradiation of p-1a at 254 nm does not yield any
cleavage, while it does for 1a (Fig. S8, ESI†). However, the modified
nonapeptide p-3a does not cleave under conditions where 3a
dissociates. This indicates that the proton transfer pathway
resembles the accepted solution phase mechanism42 and can
be suppressed by repositioning the nitro group. The heterolytic
channel, on the other hand, is too slow for the para-functionalized
nonapeptides. For the short peptides 1a–1b, the sum of photon
(4.7 eV) and thermal energies (E1.3 eV) is sufficient to release a
negatively charged LG, and the heterolytic mechanism is
observed. For larger peptides, however, the heterolytic process
seems less favourable and the proton transfer pathway takes
over, which sensitively depends on the proximity of the NO2 to
the leaving group.
3 Conclusions
Our results demonstrate that photocleavable peptides can efficiently
and selectively be cleaved in the gas-phase using UV light.
The tailored peptides undergo different dissociation mechanisms
depending on the nature of the LG, the size of the peptides, the
molecular temperature and the position of the nitro group within
the PCT.
We have demonstrated that small peptides can undergo
thermally assisted heterolytic photocleavage in the gas phase
while longer oligopeptides follow a dissociation path presumably
involving proton transfer to the LG, more closely resembling the
solution phase mechanism. This insight can contribute to the
design of new peptide labels for proteomics.19,43
Photoactive groups have recently been studied for applications
in solution and optimized response to a desired wavelength.42,44 In
our current work we have explored the influence of peptide size
and the nature of the LG on the heterolytic photocleavage
efficiency in the gas phase. Since our longest oligopeptides
preferentially follow a PD mechanism with proton transfer,
neutralization of large polypeptides or eventually proteins in
the gas phase may require the charge to be stabilized on the
leaving group. Our current experiments were targeting non-aromatic
peptides where we can avoid an absorption competition between
the tag and the aromatic chromophores. Future experiments will
explore red-shifted tags, which will then be applicable to aromatic
peptides, also.
Both the neutral and the charged dissociation pathways
are interesting and useful for gaining optical control over the
motional states of molecules. Photocleavage can be realized
with high spatial control and very precise timing. This technique
may be used for post-neutralizing singly charged anion beams,
which have been previously guided and cooled in a buffer gas
environment. The optically induced gas phase photo-depletion of
the parent peak is also promising for realizing coherent beam
splitters based on photo-depletion of a molecular beam with nano-
meter resolution.45 This will become important for quantum optics
and metrology experiments with complex neutral biomolecules.
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N. Münch und D. Häussinger for NMR experiments. The
computational results were obtained using the Vienna Scientific
Cluster (VSC).
Notes and references
1 M. F. Jarrold, Annu. Rev. Phys. Chem., 2000, 51, 179–207.
2 M. Schennach and K. Breuker, Angew. Chem., Int. Ed., 2014,
53, 164–168.
3 O. S. Skinner, F. W. McLafferty and K. Breuker, J. Am. Soc.
Mass Spectrom., 2012, 23, 1011–1014.
4 T. Meyer, V. Gabelica, H. Grubmüller and M. Orozco, Wiley
Interdiscip. Rev.: Comput. Mol. Sci., 2013, 3, 408–425.
5 P. S. Walsh, K. N. Blodgett, C. McBurney, S. H. Gellman and
T. S. Zwier, Angew. Chem., Int. Ed., 2016, 55, 14618–14622.
6 C. Baldauf and M. Rossi, J. Phys.: Condens. Matter, 2015,
27, 493002.
7 F. Bierau, P. Kupser, G. Meijer and G. von Helden, Phys. Rev.
Lett., 2010, 105, 133402.
8 A. Ostendorf, C. B. Zhang, M. Wilson, D. Offenberg, B. Roth
and S. Schiller, Phys. Rev. Lett., 2006, 97, 243005.
9 M. Guidi, U. J. Lorenz, G. Papadopoulos, O. V. Boyarkin and
T. R. Rizzo, J. Phys. Chem. A, 2009, 113, 797–799.
10 J. M. Weber, I. N. Ioffe, K. M. Berndt, D. Löffler, J. Friedrich,
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Outline of the author's contribution 
J. Schätti and V. Köhler designed the charged photocleavables. J. Schätti synthesized and characterized 
the molecular compounds. M. Kriegleder, M. Debiossac, P. Geyer and J. Schätti performed the 
photocleavage experiments in the gas-phase. M. Kerschbaum, M. Kriegleder, and  M. Debiossac built 
and tested the corona discharge neutralizer used for the charge reduction of the modified insulin. A. 
Shayeghi performs ab initio molecular dynamics (AIMD) simulations, which are not included in this 
thesis and analyse the data with all authors. V. Köhler, M. Arndt and M. Mayor conceived and 
supervised the experiments. J. Schätti, M. Debiossac, V. Köhler, and M. Arndt wrote the draft of the 
paper. 
A cationic and an anionic nitroarylether based photocleavable tag were synthesized, and the previously 
described peptides (Chapter 5) were modified with these tags. Azido acetic acid was coupled to the 
trimethylsilylacetylene moiety of the tags, followed by the formation of an NHS-ester. With this NHS-
esters the modification of insulin with photocleavable tags was investigated under physiological 
conditions as well as in organic solvents.  
The results presented in this chapter are published in Chemistry Communications:  
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Abstract. Electrosprayed and mass selected peptides equipped with ortho-nitroarylether tags that 
carry a permanent charge on their leaving group (LG) undergo selective cleavage in high vacuum upon 
irradiation with 266 nm light. The charge bias on the fluoroaryl-leaving group was realized by either a 
sulfonate (neg-LG) or tetraalkylammonium group (pos-LG) and led after cleavage to loss of a negatively 
or positively charged leaving group fragment. Two major cleavage mechanisms were observed – 
cleavage under H-transfer and bond homolysis, both giving rise to a charge reduced peptide moiety in 
positive or negative ion mode, respectively. In contrast to previous designs these tags enable the 
neutralization of medium sized peptides and large amino acid condensates. Selective charge reduction 
of a variety of charge states of a labelled insulin molecule by one charge was realized. Importantly the 
neutralization of insulin could also be accomplished. To achieve this, lowly charged species were first 
enriched by collision with an ionized buffer gas, before the singly charged ion of the insulin derivative 
was mass selected and charge depleted by photocleavage. This allows us to demonstrate here for the 
first time the position-and time controlled, charge-reduction and neutralization of mass-selected 
insulin in high vacuum. 
 
Introduction 
Controlling the charge state of biomolecules in the gas phase  
 
Already thirty years ago, electrospray ionization (ESI-MS)2 and matrix-assisted laser desorption 
ionization (MALDI) 3-4 were established as efficient ways of transferring charged macromolecules into 
the gas phase for mass spectrometry. ESI excels in producing continuous beams of highly charged and 
even massive biomolecules under mild conditions and it is readily coupled with on-line separation 
methods, i.e. high performance liquid chromatography. MALDI transfers short pulses of 
macromolecules into the gas phase, that are mostly singly charged.  
Both techniques complement each other and have become essential in biomolecular analysis. A high 
charge-per-mass value determines the molecular velocity in time-of-flight mass spectrometry (TOF-
MS) and thus the secondary electron emission efficiency and sensitivity of the instrument while a low 
charge value and a narrow charge distribution can simplify the mass spectrum of complex molecular 
mixtures.5 
49
Chapter 6. Ionic tags for photo‐induced charge control and neutralization of proteins in the gas‐phase 
Interestingly, even though studies suggest that a substantial fraction of molecules in ESI and MALDI 
emerge as neutrals,6 the controlled preparation of neutral mass-selected peptides and proteins has 
remained a grand challenge up to now. Such neutral beams are expected to open a new window to 
electric and magnetic beam deflection,7-8 action-free single-photon recoil spectroscopy 9-10 as well as 
the field of molecular quantum optics.11   
 
We recently reported on the cleavage behaviour of electrosprayed and mass selected short peptides 
equipped with photo-cleavable tags in high vacuum monitored by a TOF-MS operated in negative ion 
mode.12 The tags comprised an ortho-nitroarylether unit which underwent ether-cleavage upon 
irradiation and released a leaving group e.g. a charge-neutral bis(trifluoromethyl)-substituted phenol 
(neu-LG-H). Two competing cleavage mechanisms, namely bond heterolysis or cleavage under H-
transfer were observed. While cleavage under H-transfer maintains the negative charge on the peptide 
fragment, heterolysis releases a neutral zwitterionic peptide fragment and a negatively charged 
leaving group (neu-LG-, Figure 1).12 
Parameters that affect the bias of one cleavage mechanism over the other such as peptide length and 
nature of the leaving group were identified. Extending the peptide length from 3 to 9 amino acids 
changed the cleavage behaviour from exclusively heterolytic to exclusive cleavage under H-transfer.12 
To overcome the limitation in peptide length for charge control, we envisioned to study the effect of 
charge decorated leaving groups, which should enable charge removal under non-heterolytic 
mechanisms. We based the design on our previous study and selected a fluorinated phenol as a 
template. Leaving group pos-LG is equipped with a positively charged tetraalkylammonium group 
while the neg-LG contains a negatively charged sulfonate. The new leaving groups have been combined 
with a set of tri- and nonapeptides 1-4. In contrast to the previously investigated constructs with neu-
LG, none of the new compounds cleaved under bond heterolysis. The new constructs undergo either 
cleavage under H-transfer or show previously unobserved bond homolysis. Both pathways lead to 
charge removal from the peptide when charged leaving groups neg-LG or pos-LG are employed. The 
charge-reduction-methodology is applicable to small proteins such as insulin, while the previous 
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Figure 1. Cleavage mechanisms of ortho-nitroarylether-modified electrosprayed peptides upon irradiation with UV light 
(266 nm) in high vacuum. Constructs with LGs that carry a permanent charge (-SO3-, -NMe3+) cleave under bond homolysis or 
H-transfer, while constructs without a permanent charge on the leaving group cleave under H-transfer or bond heterolysis. 
The following factors determine if a neutral, positively or negatively charged peptide fragment is formed: i) initial charge of 
the peptide-LG-conjugate, ii) cleavage mechanism, iii) charge of the leaving group. 
Photo-induced and collisional cleavage in ESI-TOF spectrometry 
The experiment is built on top of a commercial quadrupole ESI TOF machine. The peptides are 
volatilized using micro-electrospray and aerodynamically guided into high vacuum to be selected by a 
quadrupole mass filter. They pass on to a hexapole ion guide for collisional cooling and/or dissociation 
in a dilute Argon buffer gas. The remaining ions fly on to be analysed by a high-resolution time-of-flight 
mass spectrometer.  
The machine is customized in various ways:13 the electrospray ion source is equipped with a DC plasma 
discharge inside an additional inlet chamber, to achieve efficient charge reduction of the peptides in 
bi-polar air.14 A Stirling cooler is mounted to the hexapole ion guide to tune the gas temperature 
between 60 – 300 K. The beam of a short-pulse (10 ns) ultraviolet (266 nm) laser is aligned collinearly 
with the ion beam and induces photo-cleavage, right behind the collision cell. 
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Results and Discussion 
The irradiation of 1-neg-LG and 3-neg-LG sprayed and monitored in negative ion mode resulted in 
clean LG formation without any additional peaks other than the parent and the leaving group signal 
(Figure 2). Low relative counts of the negatively charged peptide moiety compared to the LG-signal 
confirmed  that the negative charge of the peptide resided mainly on the leaving group as intended by 
design. The remaining peptide fragment is consequently charge-neutral, which renders it invisible for 
mass-spectrometric-analysis. Examination of the leaving group signal revealed that cleavage occured  
simultaneously under homolysis and H-transfer at a ratio of around 2:1 to 1:1. 
Figure 2. TOF-mass spectra of electrosprayed and mass-selected peptide constructs upon photocleavage with 266 nm laser 
light. a) Control: 1-neg-LG–  without irradiation b) 1-neg-LG–c) 3-neg-LG– d) 4-neg-LG– e) 1-pos-LG– f) 3-pos-LG–. The insets 
are a zoom of the LG fragment signal. In c) a small signal at 997 m/z indicates formation of a charged peptide fragment 
resulting from charge location on the C-terminus instead of the sulfonate group. This signal is not visible when the carboxylate 
terminus of the peptide is replaced by an amide in 4-neg-LG– (panel d). In e) a very small signal at 236 m/z indicates loss of 
NMe3 from the leaving group. Insets are a zoom of the leaving group signal. 
Ions 1-pos-LG+ and 3-pos-LG+ which carry a positive charge on their leaving group and have been 
recorded in positive ion mode also cleave efficiently upon irradiation. Analysis of the fragment pattern 
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shows that the constructs cleave preferentially under H-transfer and only to a smaller extent under 
homolysis at a ratio of around 5:1. Additionally the loss of NMe3 can be observed from both the parent 
peak and the leaving group fragment. The absence of a peptide fragment indicates again the formation 
of a neutral species (Figure 2). Further insight into the fate of the peptide fragment was gathered by 
mass-selecting and irradiating the doubly charged species of 3-neg-LG2- and 3-pos-LG2+ which hold an 
additional charge on the peptide moiety. In these cases one charge remains on the peptide moiety 
whereas the other charge is located on the leaving group. Both fragments become observable by TOF-
MS (see SI). 
Homolytic cleavage, which leaves a radical on the peptide fragment, did generally not result in any 
observable further fragmentation, indicating that such pathways are slow on the time scale of the 
experiment. Somewhat surprising was the absence of heterolytic cleavage for constructs with pos-LG, 
which would generate an overall charge-neutral LG fragment (pos-LG-) and a positively charged 
peptide fragment.  
CID of singly charged 1-pos-LG+ and 3-pos-LG+ shows mainly loss of the NMe3 fragment at low collision 
gas energy (20 - 30 eV). With increasing collision gas energy multiple fragments are observable 
whereby the LG-fragment constitutes only a minor signal until it becomes dominant and eventually 
the only fragment at high collision energies (70 eV, see SI). The LG-fragment appears hereby exclusively 
after loss of NMe3 and is apparantly only formed under H-transfer. A similar trend is observed when 
doubly charged 3-pos-LG2+ is subjected to CID with increasing collision gas energy whereby substantial 
fragmentation occurs already at 20 eV. Surprisingly only the LG-fragment ( minus NMe3) is observed at 
high collision energy, suggesting that other charge carrying fragments do not reach the detector or are 
below the mass cut-off of 90 amu. 1-neg-LG on the other hand showed mainly formation of the leaving 
group at 30 eV and little fragmentation.  
In order to explore if the methodology is also applicable to biomolecules of higher mass, insulin was 
derivatized with tags holding either negatively or positively charged leaving groups. In each case a 
threefold modified species (neg-Ins or pos-Ins, respectively) was isolated after treatment with NHS-
ester derivatives of the charged photocleavable tags and preparative HPLC (Figure 3). The localization 
of the tags was not experimentally verified, however the most likely attachement sites are the two 
N-termini of insulin and the only lysine-side chain of insulin (B29). 
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Figure 3. Insulin modification with  a photo cleavable tag carrying a neg-LG or pos-LG, respectively. (a) For introduction of 
pos-LG: 3.0 eq. NHS-ester (formed in situ), DMF, rt, 2 h; (b) for introduction of neg-LG: 4.0 eq. NHS-ester (formed in situ), 
DMF, rt, 2 h. 
Photocleavage was realized for charge states -1 to -7 in negative ion mode with neg-ins and from +3 
to +7 in positive ion mode with pos-ins. All investigated charge states led to efficient release of the 
charged leaving group fragment upon irradiation, yielding a charge state reduced insulin moiety 
without additional fragmentation. The ratio of H-transfer vs. homolytic reflects the observations for 
the model compounds (the ratio was ca. 1 : 1).  For negatively charged insulin species photocleavage 
was in competition with electron detachment, whereby photocleavage was the far more efficient 
process (Figure 4, left, signal a (photocleavage) vs. b (electron detachment).  
Figure 4. Exemplary mass spectra of mass-selected, labeled insulin before and after irradiation. black line – spectrum before 
irradiation, blue/red line – spectrum after irradiation. LG = leaving group signal, a = [neg-Ins -LG]5-, b = [neg-Ins]5- (electron 
detachment), c = [neg-Ins -2 LG]4-, d = [neg-Ins -LG]4- (photocleavage and electron detachment), e = [pos-Ins –LG]4+, 
f = [pos-Ins -2 LG]3+. 
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The cleavage efficiency showed a moderate charge state dependency based on depletion data (integral 
of the parent signal without irradiation / integral of the parent signal after irradiation, Figure 5). 
 
Figure 5. Depletion efficiency in dependence of the charge state. Plotted is the ratio of the integrals in percent =  (integral of 
the parent signal without irradiation / integral of the parent signal after irradiation) × 100%; (blue) depletion efficiency for 
negative charge states 2-7; (red) depletion efficiency for positive charge states 3-7. The mean value of two measurements is 
displayed. The limiters of the errorbars indicate the values of the individual measurements. 
Neutralization of insulin was possible following charge reduction with an ionizing buffer gas. Upon 
irradition of the singly negatively charged species neg-Ins- the signal of the LG appeared and the 
depletion efficiency was around 10%. Evidence is in this case only indirect since the neutral particles 
can not be detected with common mass spectrometry detectors (Figure 6). 
 
Figure 6. (left) Mass spectra of mass selected singly negatively charged neg-ins before (black) and after irradiation (blue). The 
observation of the LG indicates the formation of a neutral insulin. (right) Leaving group signal over time; the signal appears 
only when the laser is on; (red line) time-averaged counts over 30 sec. 
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It is noteworthy that insulin contains 4 tyrosine and 3 phenylalanine residues which compete for 
266 nm photons with the photocleavable tags. A comparison of their combined extinction coefficients 
in solution (ca. 4300 M-1cm-1)15 with the combined extinction coefficient of the nitroarylgroups 
(> 12000 M-1cm-1) indicates that absorption nevertheless occurs predominantly at the photocleavable 
tags. Furthermore indicates the lack of additional signals that the disulfide bridges are not affected by 
the photocleavage process.16 
CID of insulin at 30 eV kinetic energy with argon as the collision gas led to clean formation of the leaving 
group and the charge reduced species. An exemplary CID spectrum is shown in Figure 7. Although CID 
might also serve to neutralize singly charged insulin species, the method is likely less suitable for the 
generation of collimated neutral beams since the collision event is expected to disperse the particles. 
 
Figure 7. Exemplary CID spectrum of mass-selected neg-Ins5- at 30 eV collision energy with argon as a 
collision gas. 
Conclusion 
Photocleavable tags based on nitroaryl ethers which carry a permanent charge enable 
efficient charge reduction and neutralization of large, electrosprayed peptides. Especially the 
positively charged tags need to be engineered further to prevent loss of NMe3 which leads to 
a dilution of the signal. This could likely be accomplished by changing the nature of the linker 
between fluorinated phenolate and the trimethylalkyl ammonium group. For a more general 
method the photocleavable group would need to respond efficiently to light of a wavelength 
that is outside of the absoption profile of proteins (>300 nm). 
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Two  published  photocleavable  chromophore  motifs  were  synthesized,  namely  a  BODIPY‐  and  an 
aminocoumarin‐based one and derivatives for gas phase photocleavage experiments were prepared.1,2 
The described procedure for the synthesis of the BODIPY core was modified for scale‐up. With this 
building  block  in  hand,  two  new  derivatives  of  the  cleavable  were  synthesized  to  test  gas‐phase 
cleavage  in positive and negative  ion mode. Four derivatives of  the coumarin‐based cleavable with 
different  leaving  groups  (acetate  or  3,5‐bis(trifluoromethyl)phenolate)  and  a  carboxylic  acid    or 
tetraalkylammonium group were synthesized to enable measurements in both ion modes. 
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Design of the new photocleavable system 
Although  insulin  was  successfully  neutralized  in  the  gas‐phase  by  photocleavage  of  designed 
nitrobenzyl  ether  groups,  this  approach  for  protein‐ion  neutralization  is  limited  by  potential 











chains  of  tryptophan  and  tyrosine  display  significant  absorption  at  266  nm.  Light  absorption  by 












ionization  if  the  tag  is appropriately designed. Consequently,  two sequential photocleavage events 
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blue light (e.g. a frequency doubled Ti‐sapphire laser, 450 nm) to cleave the second tag and reestablish 








































Figure  1.  Photocleavage  for  photoneutralization  followed  by  photo(re)ionization.  A  heterolytic  cleavage  mechanism  is 
assumed for both PCTs.  
Two wavelength‐orthogonal chromophores, which fulfill these criteria in solution experiments, were 






























linkage of  the  chromophore.  The C‐O bond drawn  in  red underwent  cleavage  in  solution phase  studies  of  related  small 
molecule constructs with blue light under a heterolytic mechanism.13 (bottom) Model compounds synthesized for first gas‐
phase photocleavage tests.  
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3.  The  7‐diethylaminocoumarin  derived  constructs  differ  fundamentally  from  the  BODIPY  ones. 
Whereas the BODIPY unit is lost upon photocleavage, the aminocoumarin dye ejects a leaving group 
fragment, but the chromophore itself remains bound to the protein. Therefore heterolytic C‐O bond 
cleavage  leads  to  the  formation of  a new positive  charge on  the protein  fragment and makes  this 
construct  ideal  for  (re)ionization.  In  contrast  to  the BODIPY dyes  the  introduction of  an  additional 
charge on the leaving group, which would be needed should homolytic cleavage dominate, could be 








and a  negative or positive  charge on  the moiety  intended  to  carry  the peptide.  The  latter  feature 

















atoms were  introduced  by  reaction with N‐Iodosuccinimide.7 10  could  be  easily  coupled  to  Fmoc‐
alanine as described by Petr Klán.7 Unfortunately Fmoc‐deprotection of 11 under various conditions 
(see experimental part for details) led to decomposition. The use of Boc‐protected amino acids instead 
of  Fmoc‐protected  ones  was  not  investigated  because  10  decomposes  rapidly  under  the  acidic 























was  accomplished  by  condensation  with  DMF‐DMA.  The  crude  product  was  oxidized  to  the 
corresponding aldehyde 14 with NaIO4, and the crude aldehyde 14 was reduced to the corresponding 
alcohol 15 with NaBH4. Over these three sequential steps, a yield of 49% was obtained compared to 
71%  reported  in  the  literature.2  The  alcohol  was  protected  with  TBDMS‐Cl  and  it  followed  the 
bromination of 16 with NBS to yield 17. A Heck reaction with tert‐butyl acrylate led to the formation 
of 18 with 59% yield  (lit. yield 68%).6  In contrast to the protocol  from Ellis‐Davies,6 where only the 
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Scheme 3. Synthesis of the four coumarin‐based model compounds 3‐6: (a) 1.0 eq. tert‐butyl L‐alanine, 1.2 eq. EDC, 2.0 eq. 
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Chapter 7. Wavelength‐dependent photocleavage with visible light for neutralization followed by post‐ionization
Summary and Outlook 
Three  different methods  for  the  generation  of  neutral  biomolecular  beams  were  investigated:  (i) 





ionized  by  either  electron  impact  or  VUV‐ionization.  (ii)  (Trp‐Lys)n  polypeptides  decorated  with 
fluorinated alkyl chains at every lysine side chain and the N‐terminus with a molecular weight of up to 
20  201 Da were  volatilized by  femtosecond  laser  desorption  into a  cold buffer gas. The desorbed 
neutral peptides were ionized by a 157 nm fluorine laser for detection. (iii) Electrosprayed peptide ions 
were  neutralized  in  the  gas  phase  by  photocleavage  of  a  tailored  ortho‐nitroarylether  tag  after 
irradiation with 266 nm  light. Employing 3,5‐bis(trifluoromethyl)phenol as a  leaving group, allowed 
charge neutralization only for tri‐ and hexapeptides, where heterolytic bond cleavage of the arylether 
bond occurs.  Longer peptides  cleaved  under H‐transfer  and  therefore  no  charge  reduction  of  the 
peptide  fragment was observed. By  introducing  a permanent  charge  (as  a  tetraalkylammonium or 
sulfonate group, respectively) on the leaving group, neutralization of longer peptides could be realized 
by  photocleavage.  The  neutralization  of  human  insulin  modified  with  three  negatively  charged 
photocleavable  tags was accomplished by charge  reduction with an  ionized buffer gas  followed by 
charge depletion by photocleavage. 
The  first  interference patterns  of peptides were observed  for  thermally evaporated  functionalized 
peptides in the KDTLI as well as the LUMI. The implementation of the other two sources for neutral 
biomolecular beams in matter‐wave experiments, namely laser desorption and charge neutralization, 
has  not  been  accomplished  yet  and  remains  a  future  goal.  To  realize  their  implementation,  the 
























If not  stated otherwise  the  following general  information applies. Chemicals were purchased  from 












spectrometers  operating  at  600  or  500  MHz  proton  frequency.Both  NMR  spectrometers  were 
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0.1 %  formic  acid,  later on  referred  to  as  (A)  and  (B). The  flow  rate was  set  to 0.61 ml/min  and  the 
temperature to 40 °C. Method 1: 0 min – 100% A; 1 min – 100% A; 3 min – 80% A; 13.5 min – 20% A. 
Method 2: 0 min – 50% A; 1 min – 50% A; 7 min – 20% A; 10 min – 10% A. Mass detection was performed 
in scan mode  for positive  ions  (Cone Voltage 40 V, Desolvation  temperature: 600°C). A Water Prep LC 
4000 System equipped with a Waters 2487: Dual λ Absorbance Detector as UV‐Vis detector was used for 
preparative separations with the following column: Agilent: XDB‐C18, 21.2 x 150 mm, 5 µm. Ultra pure 
water  was  prepared  by  means  of  an  Ultra  Ionic  system  from  Milli‐Q.  ESI‐HRMS  experiments  were 
conducted with Bruker maXis 4G. MALDI was recorded on a Bruker Daltonics Ultraflex II at the Molecular 
& Biomolecular Analysis Laboratory ETH Zürich. NMR experiments were performed at 20°C or 25°C on 
Bruker  Avance  III  NMR  spectrometers  operating  at  600,  500  or  400  MHz  proton  frequency.  NMR 
spectrometers  were  equipped  with  direct  (400  MHz)  or  inverse  (600  MHz  ,500  MHz)  dual  channel, 
broadband probe heads with  z  ‐gradients.  13C and overlapping  1H  shifts were determined by 2D NMR 
experiments  (COSY, HMBC and HMQC).  13C  shifts  for CF2 and CF3 groups were not determined. TFA = 
trifluoroacetic  acid;  DIPEA  =  N,N‐diisopropylethylamine;  DMF  =  N,N‐dimethylformamide;  PyBOP  = 
(Benzotriazol‐1‐yloxy)tripyrrolidinophosphonium  hexafluorophosphate;  NHS  =  N‐hydroxysuccinimide; 
HSTU  =  N,N,N',N'‐tetramethyl‐O‐(N‐succinimidyl)uronium  hexafluorophosphate,  HFIP  =  1,1,1,3,3,3‐
hexafluoro‐2‐propanol. 
 














procedure will be  referred  to as washing. After  the washing DMF  (4 ml), DIPEA  (6.0 eq, 0.70 ml, 4.2 
mmol), Fmoc‐Trp(Boc)‐OH (2.00 eq. 737 mg, 1.40 mmol) and PyBOP (2.00 eq., 729 mg, 1.40 mmol) were 




added.  The  mixture  was  agitated  on  a  shaker  for  2  h.  Note:  In  the  following  this  procedure  will  be 
referred to as peptide coupling. This was followed by washing, Fmoc deprotection and another washing. 
For the next peptide coupling DIPEA (6.0 eq., 0.70 ml, 4.2 mmol), Fmoc‐Ala‐OH (2.00 eq., 436 mg, 1.40 









































General procedure 2: Ac-Ala-Trp-Ala-NH2  
 
Rink amid  resin  (0.54 mmol/g, 900 mg) was placed  in a plastic syringe equipped with a  filter  frit. The 
resin was washed with CH2Cl2 (4 ml). Then CH2Cl2 (4 ml) was added and the syringe placed on a shaker 
for 15 min. Subsequently DMF  (4 ml), DIPEA  (6.0 eq, 0.48 ml, 2.9 mmol), Fmoc‐ala‐OH  (3.01 eq., 455 
mg, 1.46 mmol) and PyBOP  (3.00 eq., 760 mg, 1.46 mmol) were added. Note: Equivalents refer to the 
amine groups on the resin (0.54 mmol/g). The syringe was placed on a shaker and the mixture agitated 




for 2 h.  In  the  following  this procedure will be  referred  to  as peptide  coupling. Peptide  coupling was 








%  H2O  )  was  added.  For  the  cleavage  procedure  the  mixture  was  agitated  on  the  shaker  for  1  h. 
Subsequently the cleavage solution was collected and the resin washed with TFA (1 ml). The TFA solution 
was concentrated on the rotary evaporator. Ice cold Et2O (50 ml) was added to the peptide solution and 














































60  min  (until  H2  formation  ceased)  and  allowed  to  cool  to  room  temperature.  The  formed  dimsyl‐
solution was added to a solution of Ac‐Ala‐Trp‐Ala‐NH2 (1.00 eq., 300 mg, 0.774 mmol) in DMSO (5 ml). 
After 2 min methyl iodide (75.0 eq., 3.61 ml, 58.1 mmol) was added slowly under strong stirring. After 2 

















































a  plastic  syringe  equipped with  a  filter  frit.  The  resin was washed with  CH2Cl2  (4 ml).  Subsequently 
CH2Cl2  (4  ml)  was  added  and  the  mixture  agitated  on  a  shaker  for  15  min.  Peptide  coupling  was 
performed with Fmoc‐Ala‐OH (3.01 eq., 455 mg, 1.46 mmol) and the respective reagents as described for 
the Rink amid resin procedure above. Note: The equivalents refer to the amine groups on the resin (0.54 
mmol/g).  Peptide  coupling  was  followed  by  washing,  Fmoc‐deprotection  and  another  washing.  The 
second peptide coupling was performed with Fmoc‐Trp(Boc)‐OH (3.00 eq., 769 mg, 1.46 mmol) and the 
respective  reagents,  followed by washing,  Fmoc‐deprotection  and  another washing. The  final peptide 



















































capped  by  adding MeOH‐solution  (5 ml,  15% MeOH,  5% DIPEA,  80%  CH2Cl2) under  agitation  for  15 
minutes.  After washing,  Fmoc‐deprotection  and  another washing,  peptide  coupling  was  started  with 
DIPEA  (6.0 eq, 0.70 ml, 4.2 mmol), Fmoc‐Trp(Boc)‐OH  (2.00 eq., 737 mg, 1.40 mmol) and PyBOP  (2.00 
eq., 729 mg, 1.40 mmol). This was  followed by washing, Fmoc‐deprotection and another washing. For 
the next peptide coupling  the  following quantities of DIPEA  (6.0 eq, 0.70 ml, 4.2 mmol), Fmoc‐ala‐OH 
(2.00  eq.,  436  mg,  1.40  mmol)  and  PyBOP  (2.00  eq.,  729  mg,  1.40  mmol)  were  used,  followed  by 
washing, Fmoc‐deprotection and another washing. The last peptide coupling was performed with DIPEA 
(6.0 eq, 0.70 ml, 4.2 mmol) , 2H,2H,3H,3H‐perfluorooctanoic acid (2.00 eq., 479 mg, 1.40 mmol), PyBOP 
(2.00 eq., 729 mg, 1.40 mmol)  and  a  reaction  time of 4 h. After washing  the  resin was washed with 
















































Identical  procedure  as  for  (2H,2H,3H,3H‐perfluorooctanoyl)‐Ala‐Trp‐Ala  but  employing  2H,2H,3H,3H‐
perfluoroundecanoic acid (2.00 eq., 688 mg, 1.40 mmol) instead of 2H,2H,3H,3H‐perfluorooctanoic acid. 




































Identical  procedure  as  for  (2H,2H,3H,3H‐perfluoroundecanoyl)‐Ala‐Trp‐Ala.  White  powder.  (412  mg, 
0.502 mmol, 72%).  













































































The  dimsyl‐anion  was  prepared  in  identical  quantities  and  concentrations  as  described  above  for 
compound  2  and  combined with  a  solution  of  (2H,2H,3H,3H‐perfluorooctanoyl)‐Ala‐Trp‐Ala‐NH2  (1.00 
eq., 516 mg, 0.770 mmol) in DMSO (5 ml). Addition of MeI (75 eq., 3.6 ml, 58 mmol), quench with water, 












































mmol)  and  1H,1H,2H,2H‐heptadecafluorodecylamine  (1.50  eq.,  2.59  g,  5.59  mmol)  were  dissolved  in 
DMF  (250  ml)  and  stirred  for  3  h.  Then  H2O  (250  ml)  was  added  and  the  precipitate  collected  by 
centrifugation (4400  rpm). The precipitate was washed with DMF (2  10 ml), H2O (2  30 ml) and MeCN 
(4  30 ml). The crude product was dissolved in hot DMF (75 oC) and then reprecipitated by addition of 


























13C  = 173.2  (C‐19), 172.9  (C‐12), 171.7  (C‐16), 170.4  (C‐23), 136.8  (C‐35), 128.0  (C‐40), 124.0  (C‐33), 
121.2 (C‐37), 118.8 (C‐39), 118.7 (C‐38), 111.7 (C‐36), 110.6 (C‐32), 54.0 (C‐17), 49.5 (C‐20), 48.8 (C‐13), 
31.4 (C‐10), 30.0 (C‐9), 27.3 (C‐31), 26.1 (C‐24), 26.1 (C‐25), 17.7 (C‐14,C‐21). 






Identical  procedure  as  for  (2H,2H,3H,3H‐perfluorooctanoyl)‐Ala‐Trp‐Ala‐(2H,2H,3H,3H‐





































Identical  procedure  as  for  (2H,2H,3H,3H‐perfluorooctanoyl)‐Trp‐Trp‐Ala‐(2H,2H,3H,3H‐









































Identical  procedure  as  for  (2H,2H,3H,3H‐perfluorooctanoyl)‐Ala‐Trp‐Ala‐(2H,2H,3H,3H‐


































NHS-ester of 2H,2H,3H,3H-perfluorodecanoic acid[3] 
 
2H,2H,3H,3H‐perfluorodecanoic acid  (1.00 eq., 15.0 g, 30.5 mmol) was dissolved  in THF  (500 ml), then 















and  the  resin washed with CH2Cl2  (4 ml) and DMF  (4 ml). The unreacted binding  sites on  the  resin 
were capped by adding MeOH‐solution (5 ml, 15% MeOH, 5% DIPEA, 80% CH2Cl2) followed by agitation 
for  30  minutes.  The  peptide  coupling  steps  were  performed  using  a  (intavis  multi  pep  RSI)  peptide 
synthesizer and employing 5.00 eq. of Fmoc‐amino acids, PyBOP and DIPEA with a reaction time of first 































Trp‐Lys‐Trp‐Lys‐Trp‐Lys‐Trp‐Lys‐Trp  (1.00  eq.,  120 mg, 82.1 mol)  and 1H,1H,2H,2H‐perfluorodecanoic 
acid NHS ester (10.0 eq., 482 mg, 0.821 mmol) were dissolved in DMF (200ml), then DIPEA (20 eq., 0.30 
ml, 1.6 mmol) was added and the solution was stirred  for 56 h at 50°C. Subsequently the mixture was 
concentrated  to  25 mL  under  reduced  pressure  and water  (175 ml) was  added.  The  precipitate was 
collected and washed with acetone (3  50 ml). The product was obtained as a pale brown solid (245 mg, 
64.0 mol, 80 %). 














H, H‐6), 3.50‐2.95  (m,18 H, H‐15 and H‐10), 2.60‐2.25  (m, 20 H, H‐1 and H‐2), 1.77‐1.41  (m, 8 H, H‐7), 
1.41‐1.25 (m, 8 H, H‐8), 1.16‐0.86 (m, 8 H, H‐9). 






























































































































































































































































































































































































































S5.  (2H,2H,3H,3H‐perfluoroundecanoyl)‐Trp‐Ala‐Ala:  Top:  1H‐NMR  (DMSO‐d6,  500 MHz,  293  K),  Bottom: UV‐Vis‐
trace 190‐500 nm of UPLC chromatogram (Method 2). 
DMF 












































































S6.  (2H,2H,3H,3H‐perfluoroundecanoyl)‐Ala‐Ala‐Trp:  Top:  1H‐NMR  (DMSO‐d6,  500 MHz,  293  K),  Bottom: UV‐Vis‐
trace 190‐500 nm of UPLC chromatogram (Method 2).   
DMF 



















































































S7. Ac-Nα-Me-Ala-Nα-Me-Trp(Me)-Nα-Me-Ala-N(Me)2 2. Top: 
1H-NMR (CDCl3, 500 MHz, 293 K), Bottom: 
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[3] Malik, L., Nygaard,  J., Hoiberg‐Nielsen, R., Arleth, L., Hoeg‐Jensen, T.,  Jensen, K.  J. Perfluoroalkyl Chains
Direct Novel Self‐Assembly of Insulin. Langmuir 2012, 28, 593‐603.





















































































(m, 1 H, H‐9), 4.18‐4.11  (m, 1 H, H‐3), 3.66  (dd,  2JH‐H =  16.8 Hz,   3JH‐H  = 6.2 Hz,  1 H, H‐6), 3.51  (dd, 
2JH‐H = 16.8 Hz,  3JH‐H = 5.4 Hz, 1 H, H‐6), 3.16 (dd, 2JH‐H = 14.7 Hz,  3JH‐H = 4.9 Hz, 1 H, H‐22), 3.05‐2.91 (m, 
3 H, H‐17 and H‐22), 2.47‐2.25 (H‐12, H‐13, H‐20 and H‐21), 1.55‐1.40 (m, 2 H, H‐14), 1.36‐1.07 (m, 4 H, 





The  unmodified  Tyr‐Gly‐Trp  was  synthesized  on  a  2‐chlorotrityl  chloride  resin  (2.10  g,  1 mmol/g) 
following  known procedures.1  The  protected  amino  acids  (3.00  eq.,  6.30 mmol),  PyBOP  (3.00  eq., 
3.28 g, 6.30 mmol) and DIPEA (6.00 eq., 2.09 mL, 12.6 mmol) were used with a reaction time of 2 h per 
coupling. Perfluoro‐2H,2H,3H,3H‐undecanoic acid  (2.00 eq., 2.07 g, 4.20 mmol) was coupled to the 





































































































































There  are  two  rotamers  present  in  solution  indicated  with  R1  and  R2  behind  the  atom  number. 
1H‐NMR (DMF‐d7, 500 MHz, 293 K) δ: 11.01 (d, 3JH‐H = 2.4 Hz, 1 H, H‐27, R1), ), 10.93 (d, 3JH‐H = 2.4 Hz, 
1 H, H‐27, R2), 8.71 (d, 3JH‐H = 6.6 Hz, 1 H, H‐14  , R1), 8.44  (d, 3JH‐H = 7.5 Hz, 1 H, H‐14, R2), 8.24  (d, 
3JH‐H = 7.5 Hz, 1 H, H‐6, R1), 8.00 (d, 3JH‐H = 7.3 Hz, 1 H, H‐6 , R2), 7.97 (t,  3JH‐H = 5.8 Hz, 1 H, H‐3 , R2), 
7.92 (t,  3JH‐H = 5.9 Hz, 1 H, H‐3 , R1), )), 7.66 (d, 3JH‐H = 7.9 Hz, 1 H, H‐22 , R2), 7.56 (d, 3JH‐H = 7.9 Hz, 1 H, 
H‐22  , R1), 7.43  (d,  3JH‐H  =  8.6  Hz,  1 H,  H‐25  , R1), 7.41  (d,  3JH‐H =  8.2  Hz,  1 H,  H‐25  , R2),  7.35  (d, 
3JH‐H = 2.4 Hz, 1 H, H‐28 , R2), 7.32 (d, 3JH‐H = 2.4 Hz, 1 H, H‐28 , R1), 7.14‐7,07 (m, 1 H, H‐24), 7.05‐6.99 
(m, 1 H, H‐23), 4.97 (td, , 3JH‐H = 7.9 Hz, 3JH‐H = 5.1 Hz, 1 H, H‐13, R2), 4.97 (dt, , 3JH‐H = 8.9 Hz, 3JH‐H = 6.5 Hz, 






















































































• aa: amino acid
• 13C-NMR: Carbon NMR
• 19F-NMR: Fluorine NMR
• 1H-NMR: Proton NMR
• 2D NMR: 2-Dimensional NMR
• COSY: Correlation spectroscopy
• DHB: 2,5-Dihydroxybenzoic acid
• DIPEA: N,N-diisopropylamine
• DMF: N,N-dimethylformamide
• DMSO: Dimethyl sulfoxide
• DMSO-d6: Hexadeuterodimethyl sulfoxide
• Et2O: Diethylether




• HMBC: Heteronuclear multiple bond correlation spectroscopy
• HMQC: Heteronuclear multiple-quantum correlation spectroscopy
• HPLC: High performance liquid chromatography
• HRMS: High resolution mass spectrometry
• HSQC: Heteronuclear single quantum coherence spectroscopy
• MALDI: Matrix assisted laser desorption/ionization
• MALDI-TOF: Matrix assisted laser desorption/ionization time of flight mass spectrometry
• NHS-ester: N-hydroxysuccinimide ester
• NMR: Nuclear magnetic resonance spectroscopy
• NOESY: Nuclear Overhauser effect spectroscopy
• PDA detector: Photo diode array detector
• QCI-F Probe: Quadruple resonance cryoprobe
• SEC: Size exclusion chromatography
• SQ detector: Single quadrupole detector
• TFA: Trifluoroacetic acid
• UPLC: Ultraperformance liquid chromatography
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Synthetic procedures and characterization of compounds 
Overall strategy 
Peptides were assembled with standard solid phase peptide synthesis methods (for details see general 
procedure 1 below) employing Fmoc-chemistry while long coupling times and a high excess of coupling 
reagents were applied to realize a near quantitative conversion.1 Amidation reactions for the 
introduction of perfluoroalkylchains at lysine side chains and the N-terminus of the assembled peptide 
were performed after cleavage from the resin with NHS ester P1 (for details see general procedure 2).2 
General Information 
Chemicals were purchased from Sigma Aldrich, Fluorochem, Novabiochem or Bachem and used as 
received unless otherwise noted. UPLC experiments were performed with an Acquity UPLC-H Class Bio 
from Waters equipped with a PDA and a SQ detector 2 with the following column: ACQUITY UPLC, HSS 
T3 1.8 µm, 2.1 × 100 mm. Solvents for UPLC analysis were water and acetonitrile, each containing 0.1 % 
formic acid, later on referred to as (A) and (B). The flow rate was set to 0.61 ml/min and the column 
temperature to 40 °C. Method: 0 min – 100 % A; 1 min – 100 % A; 4 min – 100 % B; 4.5 min – 100 % B; 
5.0 min 100%  A; 5.5 min – 100 % A. Mass detection for UPLC analysis was performed in scan mode for 
positive ions (cone voltage 40 V, desolvation temperature: 600°C). A Varian PrepStar with an Ultimate 
3000 RS Variable Wavelength Detector was used for preparative HPLC with the following column: Dr. 
Maisch Reprospher 100 C18-DE, 5 µm, 150 × 40 mm. Ultrapure water was prepared by means of an 
Ultra Ionic system from Milli-Q. Size exclusion chromatography was performed with a Shodex GPC 
HFIP-803 column, 10 µm, 300 × 8 mm, in 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP) at a flow rate of 0.75 
ml/min and 40°C column temperature. HRMS experiments were conducted on a Bruker maXis 4G. 
MALDI experiments were carried out on a Bruker microflex LRF, which was calibrated with Bruker 
protein calibration standard 1 and 2 (1: insulin, ubiquitin I, cytochrom C, myoglobin; 2: trypsinogen, 
protein A, albumin-bovine). NMR experiments were performed at 25 °C on Bruker Avance III NMR 
spectrometers operating at 500 or 600 MHz proton frequency. The NMR spectrometers were equipped 
with inverse or direct observe broadband probe heads or with a four-channel cryogenic QCI-F probe 
(600 MHz) all with self-shielded z-gradients. 13C shifts were determined by 2D NMR experiments 
(HMBC and HMQC). 1H and 13C signals were assigned by 2D NMR (COSY, NOESY, HMBC, HMQC). 
Chemical shifts are reported in δ values (ppm) and are relative to the solvent residual signal (for 
samples in HFIP-d2, δ(1H) = 4.41 ppm; δ(13C) = 68.07 ppm; DMF-d7, δ(1H) = 2.75 ppm; δ(13C) = 29.76 
ppm; for samples in CDCl3, δ(1H) = 7.26 ppm; δ(13C) = 77.0 ppm; for samples in DMSO-d6 δ(1H) = 2.50 
ppm; δ(13C) = 39.5 ppm). The trifluoroacetic acid (TFA) content of peptides with free amino groups was 
determined by comparison of the integrals of the TFA signal in the 19F{1H} NMR spectra of samples 
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General procedure 1 – Synthesis of the Lys-Trp oligomers and related compounds 
2-chlorotrityl chloride resin (200 mg) was placed in a plastic syringe equipped with a filter frit. The resin 
was washed with CH2Cl2 (∼2 ml). Fresh CH2Cl2 (∼2 ml) was added and DIPEA (20 µl, 0.12 mmol, 2.4 eq.),
and Fmoc-amino acid (1.0 eq., 50 µmol) were added. After the sample was agitated on a shaker for 2
h liquids were removed by filtration and the resin washed with CH2Cl2 (∼4 ml) and DMF (∼4 ml). The
unreacted binding sites on the resin were capped by treatment with a capping mix (5 ml, 15 % MeOH,
5 % DIPEA, 80 % CH2Cl2) under agitation for 30 minutes. Peptide coupling steps were performed using
a peptide synthesizer (intavis multi pep RSI) employing Fmoc-amino acids (5.0 eq.), PyBOP (5.0 eq.)
and DIPEA (5.0 eq.) with a reaction time of first 45 min followed by a 2nd coupling step with identical
reagent loadings for 90 min. For peptides longer than 15 amino acids (P4, P5) the coupling times were
extended to 90 minutes and 180 minutes respectively for aa > 15. Fmoc-deprotection was performed
with piperidine (20 % piperidine in DMF, 3 cycles (1 ml) of 5 min. each). The resin was washed with
CH2Cl2 (5 × ∼2 ml) before the cleavage solution (5 ml, 96 % TFA, 3 % triisopropylsilane, 3 % H2O) was
added and the mixture agitated for 1 h. Subsequently, the cleavage solution was removed by filtration
and the resin washed with TFA (1 ml). The combined TFA solutions were concentrated under reduced
pressure until the mixture started to become viscous. Ice cold Et2O (50 ml) was added and the resulting
precipitate collected by centrifugation (4650 g). The precipitate was washed with Et2O (3 × 20 ml) and
the product obtained after drying as a colorless solid.



































P3 was isolated as a white solid (122 mg, 27.6 µmol, 55 %). 
UPLC-MS:, TR = 2.75 min; MS (ES+) m/z: 452.9 [100 %, M+7H+], 528.0 [100 %, M+6H+], 633.5 [60 %, 
M+5H+]. HRMS: calculated for: C170H227N40O215+: 632.9579; found: 632.9586. 1H-NMR (DMSO-d6, 500 
MHz, 293 K) δ 10.85-10.66 (m, 10 H, H-15), 8.36-7.66 (m, 52 H, H-1, H-4 and H-11), 7.65-7.45 m, 10 H, 
H-20), 7.35-7.25 (m, 10 H, H-17), 7.17- 7.06 (m, 10 H, H-14), 7.06-6.96 (m, 10 H, H-18), 6.96-6.83 (m,
10 H, H-19), 4.64-4.46 (m, 9 H, H-5), 4.43-3.94 (m, 11 H, 10 H-2 and H-5), 3.25-2.90 (m, 20 H, H-12),
2.70-2.55 (m, 20 H, H-10), 1.70-1.30 (m, 40 H, H-7 and H-9), 1.25-1.10 (m, 20 H, H-8). 13C-NMR (chemical
shifts determined by 2D NMR, C=O was not detected) δ 136 (C-16), 127 (C-21), 123 (C-14), 121 (C-18),
118 (C-20 and C-19), 111 (C-17), 110 (C-13), 53 (C-2), 52 (C-5), 38 (C-10), 31 (C-7), 27 (C-12 and C-9), 22
(C-8).
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P4 was isolated as a pale yellow solid (175 mg, 28.2 µmol, 56 %).  
UPLC-MS: TR = 2.78 min; MS (ES+) m/z: 513.0 [80 %, M+9H+], 576.8 [100 %, M+8H+], 659.0 [60 %, 
M+7H+]. HRMS: calculated for: C249H328N58O308+: 576.3235; found: 576.3225.  1H-NMR (DMSO-d6, 500 
MHz, 293 K) 10.95 (s, 1 H, H-15), 10.85-10.78 (m, 2 H, H-15), 10.78-10.66 (m, 12 H, H-15), 8.35-7.60 (m, 
73 H, H-1, H-4 and H-11), 7.60-7.48 (m, 15 H, H-20), 7.37-7.26 (m, 15 H, H-17), 7.20-6.81 (m, 45 H, H-
14, H-18 and H-19) 4.73-4.48 (m, 14 H, H-5), 4.34-4.10 (m, 14 H, H-2), 3.75 (b, 1 H, H-5), 3.16-2.88 (m, 
30 H, H-12), 2.77-2.60 (m, 28 H, H-10), 1.70-1.30 (m, 56 H, H-7 and H-9), 1.30-1.07 (m, 28 H, H-8). 13C-
NMR (chemical shifts determined by 2D NMR experiments, only CHn (n=1-3) resonances detected) δ 
123 (C-14), 121 (C-18), 118 (C-20 and C-19), 111 (C-17), 53 (C-2), 52 (C-5), 38 (C-10), 31 (C-7), 27 (C-12 
and C-9), 22 (C-8). 


































P5 was isolated as a yellow solid (220 mg, 20.3 µmol, 41 %) after precipitation from ether and was 
either used as such or further purified by preparative HPLC. Following lyophilization H-(Lys-Trp)25-OH 
× 26 CF3CO2H was isolated as a white powder (85 mg, 7.8 µmol, 16 % yield after purification by 
preparative HPLC).  
UPLC-MS: TR = 2.86 min; MS (ES+) m/z: 788.5 [50 %, M+10H+], 876.2 [70 %, M+9H+], 985.5 [80 %, 
M+8H+], 1126.1 [100 %, M+7H+],  1313.8 [30 %, M+6H+]. HRMS: calculated for: C425H563N100O5111+: 
716.7683 ; found 716.6757. 1H-NMR (DMSO-d6, 500 MHz, 293 K) δ 10.88-10.80 (m, 4 H, H-15), 10.80-
10.66 (m, 21 H, H-15), 8.59 (d, 3JH-H = 7.5 Hz, 1 H, H-1 or H-4), 8.31 (d, 3JH-H = 7.8 Hz, 1 H, H-1 or H-4), 
8.21-7.70 (m, 125 H, H-1, H-4 and H-11), 7.66 (d, 3JH-H = 8.0 Hz, 1 H, H-20), 7.60-7.51 (m, 24 H, H-20), 
7.35-7.25 (m, 25 H, H-17), 7.19- 6.83 (m, 75 H, H-14 , H-18 and H-19) 4.64-4.46 (m, 24 H, H-5), 4.34-
4.10 (m, 24 H, H-2), 4.06-4.02 (m, 1 H, H-5), 3.75-3.70 (m, 1 H, H-2), 3.25-2.90 (m, 50 H, H-12), 2.77-
2.60 (m, 50 H, H-10), 1.70-1.35 (m, 100 H, H-7 and H-9), 1.32-1.07 (m, 50 H, H-8). 13C-NMR (chemical 
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shifts determined by 2D NMR experiments, only CHn (n=1-3) resonances detected) δ 123 (C-14), 121 
(C-18), 118 (C-20 and C-19), 111 (C-17), 53 (C-2), 52 (C-5), 38 (C-10), 31 (C-7), 27 (C-12 and C-9), 22 (C-
8). 


































P6 was isolated as a pale yellow solid (164 mg, 25.0 µmol, 50 %).  
UPLC-MS: TR = 2.79 min; MS (ES+) m/z: 527.1 [80 %, M+9H+], 592.9 [100 %, M+8H+], 677.3 [80 %, 
M+7H+], 791.5 [30 %, M+6H+]. HRMS: calculated for: C255H339N60O317+: 676.8108; found: 676.8109. 1H-
NMR (DMSO-d6, 500 MHz, 293 K) 10.88-10.80 (m, 3 H, H-15), 10.80-10.66 (m, 12 H, H-15), 8.59 (d, 3JH-
H = 7.4 Hz, 1 H, H-1 or H-4), 8.31 (d, 3JH-H = 7.9 Hz, 1 H, H-1 or H-4), 8.21-7.70 (m, 75 H, H-1, H-4 and H-
11), 7.66 (d, 3JH-H = 7.9 Hz, 1 H, H-20), 7.60-7.51 (m, 14 H, H-20), 7.35-7.25 (m, 15 H, H-17), 7.19- 6.83 
(m, 45 H, H-14, H-18 and H-19) 4.64-4.46 (m, 14 H, H-5), 4.34-4.10 (m, 14 H, 10 H-2), 4.03 (q, 3JH-H = 7.0 
Hz, 1 H, H-5), 3.71 (b, 1 H, H-2), 3.25-2.90 (m, 30 H, H-12), 2.77-2.60 (m, 30 H, H-10), 1.70-1.35 (m, 60 
H, H-7 and H-9), 1.32-1.07 (m, 30 H, H-8). 13C-NMR (chemical shifts determined by 2D NMR 
experiments, C=O was not detected) δ 123 (C-14), 121 (C-18), 118 (C-20 and C-19), 111 (C-17), 53 (C-
2), 52 (C-5), 38 (C-10), 31 (C-7), 27 (C-12 and C-9), 22 (C-8). 
 























Decatryptophan (2) was prepared as its trifluoroacetate salt according to general procedure 1 with the 
following modifications: a resin loading of 125 µmol/g resin was chosen and peptide coupling times on 
the peptide synthesizer were extended to 2 hours and 4 hours, respectively. The final peptide product 
was precipitated from the cleavage solution by addition of Et2O without prior concentration. 
UPLC-MS: TR = 3.84 min; MS (ES+) m/z: 941.1 [100 %, M+2 H+], 1881.1 [50 %, M+1 H+], 1903.1 [20 %, 
M+1 Na+]. HRMS: calculated for: C119H103N20O11+: 1879.8110 ; found 1879.8084. 1H-NMR (DMF-d7, 500 
MHz, 293 K) δ 11.02 (d, 3JH-H = 2.4 Hz, 1 H, H-7) 10.84-10.81 (m, 2 H, H-7), 10.79 (d, 3JH-H = 2.4 Hz, 1 H, 
H-7), 10.77 (d, 3JH-H = 2.4 Hz, 1 H, H-7), 10.74 (d, 3JH-H = 2.4 Hz, 1 H, H-7), 10.71 (d, 3JH-H = 2.4 Hz, 1 H, H-
7), 10.70-10.66  (m, 3 H, H-7), 9.09 (d, 3JH-H = 7.5 Hz, 1 H, H-1), 8.43 (b, 3 H, H-1 (N-terminus), 8.33 (d, 
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3JH-H = 7.5 Hz, 1 H, H-1), 8.21-7.98 (m, 7 H, H-1),  7.76 (d, 3JH-H = 7.9 Hz, 1 H, H-12) 7.66-7.52 (m, 9 H, H-
12), 7.46-7.33 (m, 10 H, H-9),  7.27-7.10 (m, 10 H, H-6), 7.09- 6.90 (m, 20 H, H-10, H-11), 4.88-4.64 (m, 
9 H, H-2), 4.46-4.40 (m, 1 H, H-2), 3.34-3.06 (m, 20 H, H-4). 13C-NMR (chemical shifts were determined 
by 2D NMR experiments; not all carbon atoms were detected) δ 124 (C-6), 121 (C-10), 119 (C-11 and 
C-12), 111 (C-9), 54.6 (3 × C-2), 54.5 (3 × C-2), 54.1 (C-2), 53.8 (C-2), 53.5 (C-2), 28 (C-4). 




































Ac-(Lys-Trp)5-OH (3) × 5 CF3CO2H was prepared according to general procedure 1 with the following 
modification: Following the final Fmoc-deprotection the N-terminus was capped with acetic anhydride 
(4 ml, 10 % in DMF with 1 % DIPEA) for 15 min.  
UPLC-MS: TR = 2.87 min; MS (ES+) m/z: 327.5 [50 %, M+5 H+], 545.1 [100 %, M+4 H+], 545.1 [20 %, 
M+3H+], 816.6 [10 %, M+2H+]. HRMS: calculated for: C87H116N20O122+: 816.4535; found 816.4543. 1H-
NMR (DMSO, 500 MHz, 293 K) δ 10.80 (s, 1 H, H-17)  10.78-10.73 (m, 3 H, H-17), 10.71  (s, 1 H, H-17), 
8.17- 7.59 (m, 25 H, H-3, H-6 and H-13), 7.58-7.50 (m, 5 H, H-22), 7.33-7.26 (m, 5 H, H-19), 7.15- 7.07 
(m, 5 H, H-16), 7.06-7.00 (m, 5 H, H-20), 6.98-6.88 (m, 5 H, H-21), 4.61-4.48 (m, 9 H, H-7), 4.30-4.02 (m, 
11 H, 10 × H-3 and 1 × H-7), 3.25-2.93 (m, 10 H, H-14), 2.70-2.60 (m, 10 H, H-12), 1.81 (s, 3 H, H-1), 
1.69-1.30 (m, 20 H, H-9 and H-11), 1.25-1.09 (m, 10 H, H-10). 13C-NMR (chemical shifts were 
determined by 2D NMR experiments, C=O was not detected) δ 136 (C-18), 127 (C-23), 123 (C-16), 121 
(C-20), 118 (C-22 and C-21), 111 (C-19), 110 (C-15), 53 (C-4), 52 (C-7), 38 (C-12), 31 (C-9), 27 (C-14) 26 
(C-11), 22.1 (C-1), 22 (C-10). 
 
General procedure 2 – Amidation of Lys-Trp oligomers with NHS-fluoroalkyl-ester 
P1 
The lysine-tryptophan oligomer (1.00 eq) and NHS-ester P1 (2.00 eq for every NH2-group of the 
peptide) were dissolved in DMF (200 ml). DIPEA (4.0 eq. for every NH2-group of the peptide) was added 
and the mixture stirred for 56 hours at 50 °C. Subsequently the mixture was concentrated under 
reduced pressure. The formed precipitate was isolated by filtration, washed with cold DMF (2 × 25 ml), 

























P3 (1.00 eq., 250 mg, 56.6 µmol ) was converted according to general procedure 2. 5 was obtained as 
an orange solid (295 mg, 35.2 µmol, 62 %). SEC HFIP: Tr: 11.1 min; MALDI: 8399.1 [M + Na+]. 
Unambiguous assignment of the NMR-data was not possible with a reasonable effort due to signal 
overlap in 1D-1H and 2D-NMR spectra. A representative 1D-1H, as well as HSQC, NOESY and COSY NMR 
spectra, a size exclusion chromatography trace and a MALDI-TOF MS spectrum are shown in 

























P4 (1.00 eq., 300 mg, 65.1 µmol) was converted according to general procedure 2. 5 was obtained as 
a brown solid (385 mg, 32.9 µmol, 51 %). SEC HFIP: Tr: 10.1 min; MALDI: 11740 [M+Na+]. Unambiguous 
assignment of the NMR-data was not feasible with a reasonable effort. A representative size exclusion 


























P5 (1.00 eq., 300 mg, 27.7 µmol ) was converted according to general procedure 2. 6 was obtained as 
a brown solid (280 mg, 13.9 µmol, 50 %). A second batch was prepared with H-(Lys-Trp)25-OH × 26 
CF3CO2H, P5 that was purified by preparative HPLC (1.00 eq., 75 mg, 6.9 µmol ) following the same 
procedure but employing only half volumes of all solvents. The product was obtained as a brown solid 
(115 mg, 5.7 µmol, 83 %). Both batches were tested in laser desorption/postionization studies and the 
second batch was used for characterization. SEC HFIP: Tr : 9.5 min; MALDI: 20224 [M+Na+]. 
Unambiguous assignment of the NMR-data was not feasible with a reasonable effort. A representative 
1D-1H NMR spectrum, a size exclusion chromatography trace and a MALDI-TOF MS spectrum are 























P6 (1.00 eq., 300 mg, 45.7 µmol ) was converted according to general procedure 2. P7 was obtained 
as a brown solid (330 mg, 26.8 µmol, 59 %). SEC HFIP: Tr : 10.2 min; MALDI: 12342 [M+Na+]. 
Unambiguous assignment of the NMR-data was not feasible with a reasonable effort.  1D-1H NMR 
spectrum, a size exclusion chromatography trace and a MALDI-TOF MS spectrum are shown in 
Supplementary Figures 30-32. 
Chapter 3. Pushing the mass limit for intact launch and photoionization of large neutral biopolymers
118
Supplementary Note 1. Determination of the TFA content in peptide products 
A comparison of the integral values for the trifluoroacetate signal in the 19F-NMR spectrum of the 
respective compound (4.0 mg) in DMSO-d6 (0.5 mL) before and after spiking with a defined amount of 
trifluoroacetic acid (1.0 µl, 13 µmol) was used to estimate the trifluoroacetate equivalents 𝑎𝑎 in the 
original sample (compound name × 𝑎𝑎 CF3CO2H) as follows and is here exemplified for compound P3. 
 
Supplementary Figure 1. 19F-NMR (DMSO-d6, 471 MHz, 298 K, D1 = 4s) of P3 × 𝑎𝑎 CF3CO2H (4.0 mg) in 
DMSO-d6 (0.50 ml) before (left) and after (right) addition of trifluoroacetic acid (1.0 µl, 13 µmol).  
𝑎𝑎 =  
𝑛𝑛𝐶𝐶𝐶𝐶3𝐶𝐶𝐶𝐶2𝐻𝐻∙𝑀𝑀𝑤𝑤(𝑃𝑃2𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓)
𝑚𝑚−𝑛𝑛𝐶𝐶𝐶𝐶3𝐶𝐶𝐶𝐶2𝐻𝐻∙𝑀𝑀𝑤𝑤(𝐶𝐶𝐶𝐶3𝐶𝐶𝐶𝐶2𝐻𝐻)
     (1) 
with 
𝑛𝑛𝐶𝐶𝐶𝐶3𝐶𝐶𝑂𝑂2𝐻𝐻 =  
𝐼𝐼𝑏𝑏𝑏𝑏∙𝑛𝑛𝐶𝐶𝐶𝐶3𝐶𝐶𝐶𝐶2𝐻𝐻(𝑏𝑏)
(𝐼𝐼𝑎𝑎𝑏𝑏−𝐼𝐼𝑏𝑏𝑏𝑏)
    (2) 
where 
𝑛𝑛𝐶𝐶𝐶𝐶3𝐶𝐶𝑂𝑂2𝐻𝐻 is the amount of substance of CF3CO2H before spiking; 
𝐼𝐼𝑏𝑏𝑏𝑏 is the integral of the CF3CO2H signal before spiking; 
𝑛𝑛𝐶𝐶𝐶𝐶3𝐶𝐶𝑂𝑂2𝐻𝐻(𝑏𝑏) is the amount of substance of CF3CO2H added for spiking (13 µmol); 
𝐼𝐼𝑎𝑎𝑏𝑏 is the integral of the CF3CO2H signal after spiking; 
𝑀𝑀𝑤𝑤(𝑃𝑃2𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓) is the theoretical molecular weight of P3, which is free of CF3CO2H (3161.91 g/mol); 
𝑚𝑚 is the weight of P3 × 𝑎𝑎 CF3CO2H employed in the experiment (4.0 mg); 
𝑀𝑀𝑤𝑤(𝐶𝐶𝐶𝐶3𝐶𝐶𝑂𝑂2𝐻𝐻) is the molecular weight of CF3CO2H (114.02 g/mol); 
The results for compounds 3, P3-P5 are given in Supplementary Table 1. 
compound 




number of basic amine 
units in molecule 
3 1632.00 g/mol 6.3 5 
P3 3161.91 g/mol 13.6 11 
P4 4605.67 g/mol 17.4 15 
P5 7877.74 g/mol 28.0 26 
Supplementary Table 1. CF3CO2H equivalents contained per formular unit for compounds 3, P3 - P5. 
The calculated values match reasonably well with the number of basic amine units of the molecules. 
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Supplementary Figure 2. 1H-NMR spectrum of compound P3 × 11 CF3CO2H: DMSO-d6, 500 MHz,  
298 K. 
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Supplementary Figure 4. 1H-NMR (DMSO-d6, 500 MHz, 298 K), compound P4 × 16 CF3CO2H. 
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Supplementary Figure 6. 1H-NMR (DMSO-d6, 500 MHz, 298 K) of compound P5 × 26 CF3CO2H. 
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Supplementary Figure 8. 1H-NMR (DMSO-d6, 500 MHz, 298 K) of compound P6 × 16 CF3CO2H. 
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Supplementary Figure 10. 1H-NMR (DMF-d7, 600 MHz, 298 K) of decatryptophan 2 × CF3CO2H. The 
insert shows the signals of the NH protons of the indole rings. 
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Supplementary Figure 12. 1H-NMR (DMSO-d6, 500 MHz, 298 K) of compound 3 × 5 CF3CO2H. 
 
































Supplementary Figure 14. 1H-NMR (HFIP-d2, 600 MHz, 298 K) of compound 4.  
 
Supplementary Figure 15. 1H-NMR (HFIP-d2, 600 MHz, 298 K), compound 4 after addition of 10% H2O 
recorded with presaturation (water and HO-CD(CF3)2 signal suppression). The addition of H2O enables 
observation of the NH-signals. Note that the deuterium to protium exchange is only partial. 
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Supplementary Figure 16. HSQC of compound 4 in HFIP-d2. The inset shows a zoom into the Cα-
region. However, a conclusive determination of the number of individual Cα-atoms and accordingly 
amino acid units was not possible with this experiment due to overlapping signals. 
 
Supplementary Figure 17. NOESY of compound 4 in HFIP-d2 after addition of 10% H2O recorded with 
presaturation (water and HO-CD(CF3)2 signal suppression). 
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Supplementary Figure 18. Zoom into the indole NH region of NOESY spectrum of compound 4 shown 
in Supplementary Figure 17. 10 different indol NH moieties can be distinguished by indol CH 
correlations. 
 
Supplementary Figure 19. COSY of compound 4 in HFIP-d2 after addition of 10% H2O, recorded with 
presaturation (water and HO-CD(CF3)2 signal suppression). The inset shows a zoom of the indole NH 
region revealing 10 individual indol NH-groups. 
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Supplementary Figure 20. MALDI-TOF spectra of compound 4 recorded with DHB as matrix.  
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Supplementary Figure 22. 1H-NMR (HFIP-d2, 600 MHz, 298 K) of compound 5. 
 
Supplementary Figure 23. 1H-NMR (HFIP-d2, 600 MHz, 298 K), compound 5 after addition of 10% H2O 
recorded with presaturation (water and HO-CD(CF3)2 signal suppression). The addition of H2O enables 
observationof the NH-signals. Note that the deuterium to protium exchange is only partial. 
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Supplementary Figure 24. MALDI-TOF Mass spectrum of compound 5 recorded with DHB as a matrix. 
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Supplementary Figure 26. 1H-NMR (HFIP-d2, 600 MHz, 298 K) of compound 6. 
 
Supplementary Figure 27. 1H-NMR (HFIP-d2, 600 MHz, 298 K), compound 6 after addition of 10% H2O 
recorded with presaturation (water and HO-CD(CF3)2 signal suppression). The addition of H2O enables 
observation of the NH-signals. Note that the deuterium to protium exchange is only partial. 
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Supplementary Figure 28.  MALDI-TOF spectrum of compound 6 recorded with DHB as a matrix. 
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Supplementary Figure 30. 1H-NMR (HFIP-d2, 600 MHz, 298 K) of compound P7. 
 
Supplementary Figure 31. MALDI-TOF Mass spectrum of compound P7 recorded with DHB as a 
matrix. 
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Supplementary Figure 33. Laser desorption/photoionization TOF mass spectrum of commercial 
Gramicidin D (Sigma Aldrich, purity as delivered, main component A1), recorded after shortpulse 
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Supplementary Figure 34. Laser desorption/photoionization TOF mass spectrum of the TFA salt of 
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Supplementary Figure 35. Laser desorption/photoionization TOF mass spectrum of the TFA salt of 
compound 3 recorded after short-pulse infrared laser light desorption (7 ns, 1064 nm). 
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Supplementary Figure 36. Laser desorption/photoionization TOF mass spectra of compound (4), using 
266 nm laser desorption from Trp matrix and carried by a T = 115 K Argon supersonic gas jet. The blue 
arrows indicate the mass difference of Trp-Lys(2H,2H,3H,3H-perfluoroundecanoyl) units (788 amu) 
between fragments. * corresponds to the loss of a 2H,2H,3H,3H-perfluoroundecanoyl unit (475 amu); 
◊ corresponds to the loss of the C-terminal tryptophan unit (188 amu); ○ is likely caused by an impurity 
which results from incorporation of an additional Lys(2H,2H,3H,3H-perfluoroundecanoyl) unit (602 
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Supplementary Figure 37. Laser desorption/photoionization TOF mass spectra of compound 5 
recorded after 343 nm laser desorption (E = 15 µJ, τ = 292 fs) from Trp matrix at T = 300 K. The blue 
arrows indicate the mass difference of Trp-Lys(2H,2H,3H,3H-perfluoroundecanoyl) units (788 amu) 
between fragments. * corresponds to the loss of a 2H,2H,3H,3H-perfluoroundecanoyl unit (475 amu); 
◊ corresponds to the loss of the C-terminal tryptophan unit (188 amu); □ and ○ are likely caused by
impurities which result from incorporation of an additional Trp (186 amu) or Lys(2H,2H,3H,3H-
perfluoroundecanoyl) unit (602 amu) during synthesis.
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Supplementary Figure 38. Laser desorption/photoionization TOF mass spectra of a mixture of 
compound 5 and 6 (ratio 3 : 28) recorded after 343 nm laser desorption (E = 15 µJ, τ = 292 fs). The blue 
arrows indicate the mass difference of Trp-Lys(2H,2H,3H,3H-perfluoroundecanoyl) units (788 amu) 
between fragments. * corresponds to the loss of a 2H,2H,3H,3H-perfluoroundecanoyl unit (475 amu) 
from 5; □ and ○ are likely caused by impurities which result from incorporation of an additional Trp 
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Supplementary Figure 39. Calibration of the high mass spectra. Overlay of MALDI-TOF mass spectra 
for compounds 5 and 6 and laser desorption/VUV postionization experiment depicted in 
Supplementary Figure 38, which was conducted with a mixture of compound 5 and 6. An offset has 
been applied to highlight the match between the observed signals in the three spectra. Comparing the 
spectra allowed unambiguous calibration of the laser desorption/VUV postionization experiment. The 
MALDI instrument was calibrated with protein standards as specified in the synthesis section of the 
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Supplementary Note 2. Computational details 
A single molecule of the artificial protein (6) was simulated in GROMACS 2018.1 using a vacuum setup, 
i.e. periodic boundary conditions switched off, the box is ignored, and no distance cut-offs employed 
when evaluating interatomic interactions. The GROMOS force-field version 54B7 was used as the force-
field of the Lysine and Tryptophan residues,4,5 while the force-field for the fluoroalkyl chains was 
obtained using the Automated Topology Builder methodology, based on automated parametrization 
employing the GROMOS force-field and optimal partial charge assignment aided by ab-initio quantum 
calculations.6,7 Canonical-ensemble (NVT) molecular dynamics simulations were performed over the 
temperature range 10-400K in steps of 10K. The temperature coupling method employed was velocity 
rescaling with a stochastic term.8 The length of the bonds involving hydrogen atoms was constrained 
with the LINCS algorithm.9 The leapfrog integrator with a time step of 1 fs was employed. At each 
temperature, 200 runs of 2 ns each were performed. Each run started from the same stretched 
configuration, but with different initial velocities randomly assigned from a Maxwell distribution at 
each given temperature. Thus, simulations at each temperature spanned a combined length of 400 ns. 
For each temperature, the quantities of interest were averaged over the last 100 ps of each run, and 
then the pool of averages were re-averaged and the standard deviation was calculated. The average 
end-to-end distance, <Re>, was calculated between the terminus of the amino acids at the ends of the 
backbone. The average solvent surface accessible area, <SASA>, was calculated using the method 
descried in Ref. 10.10 
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Compound (1) (2) (3) (4) (5) (6) (P2) (P7) 
MW / amu 1882 1880 1631 8377 11716 20201 3832 12320 
Molecular beam         
Backing gas Ar/Ne/Ne/Ne Argon Argon Argon Argon Argon Argon Neon 
Backing pressure 
/bar 
20 / 28 / 28 / 28 20 30 48 48 48 48 48 
Gas temperature / K 300 300 300 90 300 300 300 115 
Source 
pressure/mbar 
10-4 10-4 10-4 10-4 10-5 10-5 10-4 10-4 
Trp. admixture none none none 1:20 none none none 1:20 
Desorption           
Dersorption λ / nm 1064 / 266 / 1040 / 343 1064 1064 266 343 343 1064 266 
Dersorption τ 
7 ns / 7 ns / 290 fs / 
290 fs 
7 ns 7 ns 7 ns 290 fs 290 fs 7 ns 7 ns 
Desorption E 
32 mJ / 4 mJ / 15 µJ / 
15 µJ 
32 mJ 32 mJ 
1.77 mJ, 
2.64 mJ, 4 
mJ, 5.44 mJ 
15 μJ 15 μJ 32 mJ 
1.77 mJ, 






3 mm / 3 mm / 100 µm 
/ 100 µm 





3 mm 3 mm 
Repetition rate / Hz 
10 / 10 / 20 & 100 / 20 
& 100 
10 10 10 100 100 10 10 
Ionization          
Wavelength λ / nm 157.6 157.6 157.6 157.6 157.6 157.6 157.6 157.6 
Pulse duration τ / ns 10 10 10 10 10 10 10 10 
Energy E / mJ 0.8 0.8 0.8 0.528, 0.8 1.6 1.6 0.8 0.528, 0.8 
Spot size / mm x mm 3 x 1 3 x 1 3 x 1 3 x 1 3 x 1 3 x 1 3 x 1 3 x 1 
Averaging / shots 500 500 300 500 5000 5000 600 1000 
 
Supplementary Table 2. Desorption and ionization efficiency. Experimental parameters used in the 
laser desorption/photoionization experiments.   
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Supplementary Note 3. The influence of the desorption laser wavelength and pulse 
length on the character of the mass spectrum 
Throughout this work, various laser wavelengths and pulse durations were explored to optimize the 
desorption conditions. As illustrated in Figure 5 of the main text, the final mass spectra for compound 
(5) resemble each other in almost all detail, even when comparing nanosecond and femtosecond 
desorption. The process differs, however, in the efficiency of the molecular individualization.  
Here we complement this information by comparing six different desorption settings for gramicidin D, 
namely nanosecond desorption 1064 nm and 266 nm as well as femtosecond desorption with 1030 nm 
and 343 nm and repetition rates of 10, 20 and 100 Hz. This is shown in Supplementary Figure 40. While 
one finds different absolute numbers of molecules, the overall mass spectrum remains largely 
unchanged for gramicidin D.    
However, UV desorption becomes important for high-mass compounds, such as (4) and (5), and the 20 
kDa polypeptides (6) could only be seen after fs desorption at 343 nm. Both shorter wavelength and 
shorter pulses go along with a reduced penetration depth of the laser light. This is consistent with the 
observation of fewer molecular aggregates in the vacuum chamber. 
 
Supplementary Figure 40. Mass spectra of gramicidin D, recorded for different laser conditions as 
tabulated in Supplementary Table 2. Even under vastly different desorption conditions – from pulse 
durations between 290 fs to 7 ns and, energies between 40 µJ and 30 mJ and wavelengths between 
343 nm and 1064 nm, the changing laser settings significantly influence the number of released 
molecules but much less their mass spectrum.  The signals are normalized to the gramicidin peak. The 
noise below 500 amu is also present without the molecular beam. As described in the main text, the 
key difference between the different laser conditions is in the number of aggregates that are released 
by the pulses. They decide about the economy of the desorption process, but are too massive to be 
detected by the TOF-MS.   
 





343 nm, fs, 20 Hz
343 nm, fs, 100 Hz
1040 nm, fs, 20 Hz
1040 nm, fs, 100 Hz
266 nm, ns, 10 Hz
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Supplementary Note 4. The influence of the desorption energy/fluence  
When varying the desorption laser power, we observe the threshold behavior and saturation seen in 
Supplementary Figure 41. It suggests that all accessible material has been volatilized, that high power 
light facilitates the occurrence of large aggregates – which would not show up in TOF-MS - or that 
fragmentation processes start to compete with the intact volatilization process. The latter can be 
essentially excluded, when comparing signals differing more than 3-fold in desorption energy in 
Supplementary Figure 42. 
 
Supplementary Figure 41. The signal increases with increasing desorption laser energy, as is 
illustrated here for the high-mass polymers (4) with 8377 amu and (P7) with 12320 amu. They are 
represented by grey squares and red circles, respectively. The experimental data are fitted by 
exponential growth curves to guide the eye. The compounds were desorbed using 266 nm light with 7 
ns pulse duration at 10 Hz repetition rate and ionized with 157.6 nm and 0.8 mJ pulse energy (see 
Supplementary Table 2). 
 
Supplementary Figure 42. Mass spectra of (a) compound (4) and (b) compound (P7) for different 
desorption energies. The mass spectra for low desorption energies have been scaled to show that the 
desorption process does not induce any additional major fragmentation even when the energy is 
increased by a factor of 3. The compounds were desorbed using 266 nm light with 7 ns pulse duration 
at 10 Hz repetition rate and ionized with 157.6 nm and 0.8 mJ pulse energy (see Supplementary Table 
2). 
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Supplementary Note 5. The influence of the ionization energy/fluence on the 
normalized mass peak 
The ionization laser pulse energy obviously affects the ion signal of the principle mass and to first order 
one would expect a linear dependence for a single-photon ionization processes, as observed for cold 
clusters of tryptophan11. On the other hand, it is justified to assume that the total absorption cross 
section grows linearly with the number of chromophores, i.e. here with the length of the peptide chain. 
 
 
Supplementary Figure 43. Mass spectra of (a) compound (4) and (b) compound (P7) for different 
ionization energies. The mass spectra for low ionization energy have been scaled by a factor of 1.4. 
Within the 50% power variation, the overall molecular beam intensity follows linearly the laser energy 
while the mass peak distribution does not change substantially. The data are shown without adaptive 
baseline correction. The experimental conditions are given in Supplementary Table 2 with 4 mJ 
desorption pulse energy. 
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Laser desorption/photoionization experiments  for gramicidin and  (Trp‐Lys)n  constructs modified by 
amidation  with  fluoroalkyl  chains  were  described  before.1  The  same  experiments  were  also 
successfully conducted on unmodified (Trp‐Lys)10 which has a molecular weight of 3160 amu. This likely 




























after  flash  column  chromatography  (EtOAc/cyclohexane 1:1) as a white  solid  (365 mg, 1.29 mmol, 
48%). 
   
















stirred  for  2  h. The  solvent was  removed by  lyophilization  and  the  crude mixture was purified by 












into three‐ and fourfold modified  insulin, TFA  (2.5 mL) was added, and the solution was stirred  for 
15 min. Finally, the reaction was quenched by addition of aq. NH3 (5 mL, 32%). After 2 min the pH was 
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Disulfide bond reduction of modified insulin 4 

























on  ice.  Expression  was  checked  by  tricine  SDS‐PAGE  of  either  the  cell‐suspension  (all  expressed 
proteins) or the supernatant (soluble proteins). 
Large‐scale expression 












(i)  The  cell  lysate  (60  mL)  was  heated  to  60  °C  for  30  min.  The  precipitate  was  removed  by 
centrifugation, and the supernatant was diluted 1:1 with miliQ water and dialyzed (3 × 24 h) against 
miliQ water using Spectra/Pro® dialysis membrane with a MWCO of 3.5 kDa. The precipitate formed 
during dialysis was collected by centrifugation, washed with miliQ water  (2 ×  10 mL)  and dried  by 
lyophilization.  
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reaction was allowed  to warm  to room  temperature and stirring continued overnight. 

















S5.  The  synthesis  followed  the  protocol described  for  S3  (General  procedure  1) with 




























with  (3‐bromo‐4‐nitrophenyl)methanol  (541  mg,  2.33  mmol,  1.00  eq.)  and  3,5‐
bis(trifluoromethyl)phenol (643 mg, 2.80 mmol, 1.20 eq). S6 was isolated as a pale yellow 







S7.  General  procedure  2.  The  synthesis  followed  the  procedure  reported  for  the 
preparation of S1, but employed a twofold  loading of catalyst.1 The reaction  flask was 
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S8.  The  synthesis  followed  the  protocol  described  for  the  synthesis  of  S7  (General 


















































resin  was  rinsed  with  CH2Cl2  (3    ca.  4  ml)  before  a  cleavage  solution  of  trifluoro  acetic  acid, 
triisopropylsilane and water (5 ml, 92 % TFA, 5 % triisopropylsilane, 3 % H2O) was added. For the cleavage 
procedure,  the mixture was  agitated  on  the  shaker  for  1  h.  Subsequently  the  cleavage  solution was 
removed  and  the  resin  washed  with  TFA  (1  ml).  The  TFA  containing  filtrates  were  combined  and 















(1  mmol/g,  200  mg)  was  loaded  with  
Fmoc‐Leu‐OH  (18  mg,  51  mol,  1.0  eq.)  and 






coupling  of  Fmoc‐azidolysine  was  performed  with  1.50  eq.  of  Fmoc‐amino  acids,  PyBOP  and  N,N‐
diisopropylethylamine  in DMF (1.6 ml)  for 2 h followed by another 8 h after exchange of  the coupling 
reagents. In the end the resin was washed CH2Cl2 (5 × 1.6 ml) before cleavage. Cleavage, precipitation and 







































nS12 n = 1
S13 n = 2
S14 n = 3





TR = 4.78 min; m/z MS  (ES+): 1080.2  [100 %, M + H+], 540.9  [60 %, M + 2 H+]; HRMS  (ESI+) calcd.  for 
C48H86N15O13+ (M+H+): 1080.6524, found: 1080.6516. 
1a. General procedure 4. To a suspension of 
S1  (43.6  mg,  112  mol,  1.00  eq.)  and  the 
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3a.  The  synthesis  followed  the 













(ES+): 1250.1 [40 %, M + Na+], 1228.2  [100 %, M + H+], 614.9 [40 %, M + 2 H+]; HRMS  (ESI+) calcd.  for 
C54H76F6N13O13+ (M+H+): 1228.5584, found: 1228.5582. 
4a.  The  synthesis  followed  the 






































3, TR = 5.59 min; m/z MS  (ES+): 700.4  [100 %, M + H+]; HRMS  (ESI+) calcd.  for C30H35F5N7O7+  (M+H+): 
700.2513, found: 700.2519. 
1c. The synthesis followed the protocol for the 
synthesis  of  1b  (General  procedure  5) 
employing S7  (27 mg,  57 mol,  1.0  eq.)  and 


















synthesis  of  1b  (General  procedure  5)  starting 
from  S8  (30  mg,  75  mol,  1.0  eq.)  and  the 
trifluoroacetate salt of S11 (27 mg, 57 mol, 0.76 





















































of deionized water, methanol and  ammonia  (25 %)  in  a  ratio  of 1:1:0.001,  resulting  in a pH  value of 
approximately 8.3. The electrospray was operated at a flow rate of 5 μl/min. 























1 1 1 				 . 3 , 
where  we  have  introduced  the  beam  overlap  .  It  measures  the  fraction  of  the  molecular  beam 
overlapping with the depleting laser beam. The fragment yield is the sum of all fragment channels and 
given by 
1 1 				 	 . 4  














































transfer  fragment,  rather  than  the  leaving  group d. The  fragments marked with  an asterix * are 
assigned to backbone fragments. 





top  right:  tagged  hexapeptide  2a,  bottom  left:  tagged  nonapeptide  3a,  bottom  right:  tagged 
dodecapeptide  4a.  The  designed  leaving  group  is  always  observed.  At  a  given  collision  energy,  the 
fragment yield decreases with increasing peptide length (33‐73 eV, see Figure S6). 








noise. Figure S6 shows  that  the depletion of  the parent peptide by CID requires a kinetic energy which 
increases linearly with peptide length. 










AIMD: Short ab  initio molecular dynamics  (AIMD)  simulations are performed  to additionally  scan  the 
conformational  space  of  the  peptides  for  structural  candidates  that  are  used  in  the  following 
computations.  Using  the  AIMD  module  of  NWChem  v6.6  [4]  the  nuclear  motion  of  the  peptides  is 















not  converge  to  minima,  they  are  excluded  from  further  investigations.  The  computed  harmonic 
frequencies are further used to estimate mean thermal energies derived by the frequency model  [10] 
















anions: VDE = E(AB)  – E(AB‐eq). Adiabatic  detachment  energies  (ADE)  for  the  tripeptide  anions  can be
calculated by further relaxing the neutralized complexes: ADE = E(ABeq) – E(AB‐eq). However, any attempt
to calculate the ADE leads to decarboxylation of the neutralized tripeptides and therefore E(ABeq) could





within  the  geometry  of  the  anion AB‐.  Then partial charges were evaluated  and  the change  in partial







also  been  tested  using Grimmes  D3  correction  [13]  leading  to  an  increase  in  BDE  (+0.1  eV)  thereby 
counteracting the effect of BSSE corrections. Additional calculations using the CAM‐B3LYP functional [14] 









PCT  pKa  Yield  VDE  BDE  〈 〉  
1a  8.0  0.12  4.6  6.9 (3.7)  1.4 
1b  5.5  0.10  4.6  6.7 (3.5)  1.2 
1c  9.8  0.01  4.6  7.8 (4.5)  1.2 
1d  9.9  0.02  4.6  7.5 (4.4)  1.4 
TDDFT: For every  tripeptide, TDDFT calculations have been performed at  the  PBE0/Def2TZVP  level  of 
theory using the Gaussian09 package. For every tripeptide 100 excited states have been considered. The 
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Peptide & charge state  Laser power (mW)  Repetition rate (Hz)  Integration time (sec) 
1‐neg‐LG‐  94  250  120 
2‐neg‐LG‐  94  250  120 
3‐neg‐LG‐  442  500  120 
3‐neg‐LG2‐  442  500  120 
4‐neg‐LG‐  442  500  120 
1‐pos‐LG+  94  250  240 
3‐pos‐LG+  94  250  240 
3‐pos‐LG2+  94  250  240 
neg‐ins2‐  560  1000  240 
neg‐ins2‐  560  1000  240 
neg‐ins3‐  560  1000  240 
neg‐ins4‐  560  1000  240 
neg‐ins5‐  560  1000  240 
neg‐ins6‐  560  1000  240 
neg‐ins7‐  560  1000  240 
pos‐ins3+  560  1000  240 
pos‐ins4+  560  1000  240 
pos‐ins5+  560  1000  240 
pos‐ins6+  560  1000  240 
pos‐ins7+  560  1000  240 
Tabel S1. Measurement parameter for the displayed  cleaving experiments; laserpower, repetition rate and integration 
time. 




























































Prep  LC  4000  System  equipped  with  a  Waters  2487:  Dual  λ  Absorbance  Detector  was  used  for 
preparative separations with the following column: Agilent: XDB‐C18, 21.2 x 150 mm, 5 µm. Ultra pure 
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loadings  for  90  min.  Fmoc‐deprotection  was  performed  with  piperidine  (20%  piperidine  in  DMF, 
3 cycles (1 mL) of 5 min. each). Before and after the Fmoc‐deprotection the resin was washed with 
DMF (5 × 2 mL). In the end the resin was washed with CH2Cl2 (5 × 2 mL) before the cleavage solution 
(5  mL,  96%  TFA,  3%  triisopropylsilane,  3%  H2O)  was  added  and  the  mixture  agitated  for  1  h. 


















































stirring continued overnight. For work up volatiles were  removed under  reduced pressure and  the 
remaining  residue  subjected  to  prep  HPLC.  After  lyophilisation  S6  was  isolated  as  a  brown  solid 
(155 mg, 0.325 mmol, 33%).  












hydroxybenzoic acid  (1.47 g, 7.00 mmol,  1.00 eq.), HBTU  (2.92 g,  7.70 mmol,  1.10 eq.) and DIPEA 
(5.78 mL,  35.0  mmol,  5.00  eq.)  were  dissolved  in  DMF  (200  mL)  and  stirred  overnight  at  room 
temperature.  Full  conversion  was  proved  by  UPLC‐MS.  The  solvent  was  removed  under  reduced 
pressure and the crude was directly used for the next step without purification. For analytical batch 
the crude was purified by preparative revers phase HPLC. 









under  reduced  pressure  and  the  crude  was  purified  by  preparative  revers  phase  HPLC.  After 
lyophilisation S8 was isolated as a brown solid (98.0 mg, 0.186 mmol, 10%).  







and HMBC experiments)   157.7  (C‐5),  147.3  (C‐16),  137.5  (C‐8),  136.5  (C‐13),  131.6  (C‐11),  130.0 














































 8.83  (s,  1  H,  H‐1), 8.57  (d,  3JH‐H  =  7.6  Hz,  1  H,  amid),  8.56  (d,  4JH‐H  =  1.8 Hz,  1  H,  H‐8)  8.25  (dd, 
3JH‐H = 8.0 Hz, 4JH‐H = 1.8 Hz, 1 H, H‐4), 8.14 ‐ 8.00 (m, 7 H, 4 amide, 3 amonium), 7.99 (d, 3JH‐H = 7.8 Hz, 



























UPLC‐MS Method 2, TR =  4.24 min; m/z MS  (ES+): 810.4  [60%, M+], 405.6  [100%, M+ + H+]; HRMS: 
calculated for: C36H48F4N9O8+: 810.3556; found 810.3564; 1H‐NMR (500 MHz, DMSO‐d6, 298 K)  9.25 
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Compound S9  
To  a  suspension  of  2‐azidoacetic  acid  (28.2 mg,  279  µmol,  1.50  eq.)  and  S6  (88.8 mg,  186  µmol, 
1.00 eq.)  in water  /  tert‐butanol  (1  :  1,  10 mL) was  added  aq.  sodium  ascorbate  (1.00 M,  186 µl, 
1.00 eq.) and aq. CuSO4 (1.00 M, 37.0 µl, 0.20 eq.) and the resulting mixture was stirred for 2 h at 55 

















































































































































































































































































































































2,4‐dimethylpyrrole  (2.00 eq.,  8.00 mL,  77.7 mmol) and acetoxyacetyl  chloride  (1.00 eq., 4.18 mL, 
38.9 mmol) were dissolved  in dry CH2Cl2 (750 mL) and stirred for 18 h at room temperature. DIPEA 
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2,6‐Diiodo‐8‐hydroxymethyl‐1,3,4,4,5,7‐hexamethyl‐4‐bora‐3a,4a‐diaza‐s‐indacene (10)  




















(3.00  eq.,  11.5 mg,  60.0 µmol), DMAP  (0.10  eq., 0.24 mg,  2.0 µmol)  and DIPEA  (6.00 eq.,  19.8 µl, 
12.0 µmol) were dissolved  in DMF (10 mL) and stirred for 3 h at room temperature. Volatiles were 
removed under reduced pressure, and the residue was purified by reversed phase preparative HPLC. 
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#  Conditions  Time  Outcome 
1  20% piperidine in DMF  30 min  Complete decomposition 
2  20% piperidine in DMF  5 min  Complete decomposition 
3  10% piperidine in DMF  5 min  Decomposition products and 11 
4  2% piperidine in DMF  30 min  Decomposition products and 11 
5  5% DBU in DMF  30 min  Complete decomposition 
6  2% DBU in DMF  30 min  Complete decomposition 
7  2% DBU in DMF  5 min  Decomposition products and 11 
8  10% Morpholine  5 min  Decomposition products and 11 
9  1.0 M NaOH, 30% dioxane  5 min  Complete decomposition 
10  0.2 M NaOH, 30% dioxane  5 min  Complete decomposition 




















was  extracted with  EtOAc  (4  ×  30 mL)  and  the  combined  organic  layers were  dried  over MgSO4. 
















Volatiles  were  removed  under  reduced  pressure,  and  the  residue  was  purified  by  flash  column 
chromatography  (EtOAc/cyclohexane, 2:1). Alcohol 20 was  isolated as an orange powder  (198 mg, 
530 µmol, 53%). 
















































































3.45  (q,3JH‐H  =  7.1  Hz,  4  H,  H‐17),  2.10  (s,  3  H, H‐21),  1.56  (d,  3JH‐H  =  7.1 Hz,  3  H, H‐19),  1.23  (t, 







added  and  the  solution  was  stirred  for  3  h  at  room  temperature.  Volatiles  were  removed  under 



















removed  under  reduced  pressure,  and  the  residue was  purified  by  flash  column  chromatography 
(cyclohexane/EtOAc 10:1). Ether 22 was  isolated as an orange powder  (19 mg, 33 µmol, 34%) with 
DIAD  as  an  impurity.  The  product  was  used  without  further  purification.  UPLC‐MS:  Method  2, 
TR = 4.89 min; MS (ESI+) m/z: 511.8 [100%, M‐(ala‐O‐tbu) + H+], 657.5 [80%, M + H+]. 
   






















151.4  (C‐11),  146.3  (C‐15),  132.1  (C‐6),  126.6  (C‐13),  124.8  (C‐5),  122.9  (C‐22),  115.4  (C‐23),  115.0 






added  and  the  solution  was  stirred  for  3  h  at  room  temperature.  Volatiles  were  removed  under 
reduced  pressure  and  the  residue  was  purified  by  reversed  phase  preperative  HPLC.  After 
lyophilisation, the cationic cleavable 6was isolated as an orange powder (1.5 mg, 1.9 µmol, 8%). UPLC‐
MS: Method 1, TR = 4.74 min; MS (ESI+) m/z: 343.1 [100%, M++ H+], 685.7 [50%, M+]. 









155.7  (C‐13),  151.6  (C‐15), 146.2  (C‐19), 132.2  (C‐10), 127.7  (C‐17), 126.0  (C‐9) 123.4  (C‐26), 116.7 
(C‐25), 115.8  (C‐27),  114.7  (C‐11), 107.6  (C‐18),  65.4  (C‐2), 63.9  (C‐20), 54.1  (C‐1), 34.3  (C‐3), 17.4 
(C‐23), 11.7 (C‐22). 
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